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Abstract of a thesis submitted in partial fulfillment of the requirements for the Degree of 
Doctor of Philosophy 
Effect of Beauveria bassiana (Balsamo) Vuillemin 
(Ascomycota: Hypocreales) on Diadegma semiclausum (Hellen) 
(Hymenoptera: Ichneumonidae), a parasitoid of 
Plutellaxylostella (L.) (Lepidoptera: Yponomeutidae) 
Dharmadasa Madurappulige 
Investigation of the interactions among Plutella xylostella (host), Beauveria bassiana 
(pathogen) and Diadegma semiclausum (parasitoid) was the aim of this thesis. The 
pathogenicity of B. bassiana to P. xylostella larvae and D. semiclausum females, the direct 
and indirect effect of the pathogen on the fecundity, longevity, development and survival of 
the parasitoid, behavioural responses of the parasitoid to fungus-infected and uninfected host 
larvae and the ability of parasitoids to disseminate fungal conidia among host larvae were 
investigated under laboratory conditions. The compatibility of B. bassiana with D. 
semiclausum for the management of P. xylostella larvae was studied under field cage 
conditions. 
Nine B. bassiana isolates (three from New Zealand and six acquired from the USA),were 
tested against P. xylostella larvae under laboratory conditions. All tested isolates were 
pathogenic. The New Zealand isolates, none of which originated from P. xylostella, were 
equally effective as the isolate from the USA that originated from P. xylostella. New Zealand 
isolate F226 had an L T 50 value of 3.6 days compared with the USA strains with LT 50 values 
between 4.0 - 5.0 days. When adult female parastoids were directly exposed to B. bassiana 
isolates F226, F130, ARSEF 2729 and ARSEF 3288 parasitoids died within four days after 
treatment whereas untreated parasitoids survived 16.2 ± 1.2 days. 
The ability of parasitoids to discriminate between infected and uninfected larvae was 
investigated by using the bacterium Serratia marcescens as an oviposition marker. When D. 
semiclausum adults contaminated with bacteria were exposed to fungus-treated P. xylostella 
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larvae in a choice test, the mean number of oviposition attempts over three hours made by the 
parasitoid (determined by the number of dead larvae with red pigmented colonies) was 4.31± 
1.19 on infected larvae and 3.56 ± 1.06 on uninfected larvae. The results of the bacterial 
marker test showed D. semiclausum did not to discriminate between B. bassiana infected and 
uninfected P. xylostella larvae during oviposition attempts. When oviposition attempts were 
observed by video in a choice test, the mean number of oviposition attempts (number of 
stings) in 30 minutes made by a parasitoid on infected hosts was 4.58 ± 0.56 whereas on 
uninfected hosts it was significantly greater at 7.41 ± 2.64. In no-choice tests no difference in 
oviposition attempts was observed for both methods (bacteria marker and video observation). 
Although the bacterium S. marcescens could be used as an indicator of oviposition attempts 
by D. semiclausum on P. xylostella larvae, it will not reliably indicate the actual number of 
oviposition attempts. 
Behavioural responses of female parasitoids such as antennating, encountering and stinging, 
grooming and walking were video recorded. When D. semiclausum parasitized infected larvae 
one hour after and one, three and four days after application of fungus to the larvae, no 
significant difference in parasitoid activities was observed between infected larval groups. 
Parasitoids spent significantly more time grooming when they parasitized fungus-infected 
larvae than uninfected larvae, but no differences were observed for other activities such as 
antennating and walking. Observations showed that grooming is most likely to depend on the 
contamination of their bodies by conidia. Parasitoids could recognize infected dead larvae, 
and they did not attempt to oviposit on dead larvae. Parasitoids encountered and attempted to 
oviposit only on live larvae even when larvae were immobilized, indicating that they do not 
depend on larval movements for host recognition and oviposition cues. 
The effect of B. bassiana on the fecundity of parasitoids was tested with isolate F226. All 
treated parasitoids were dead two days after laying eggs. The number of parasitoid pupae 
produced by fungus-treated parasitoids in the first two days was not different from untreated 
parasitoids, but significantly fewer parasitoid pupae were produced by treated parasitoids than 
untreated parasitoids due to the greater longevity of untreated parasitoids. 
When female parasitoids were continuously exposed to fungus-treated cabbage leaves a 
positive linear relationship between the conidia concentration and parasitoid mortality was 
observed. Parasitoids had shorter longevity when they were exposed to leaves treated with B. 
IV 
bassiana conidia concentrations over 1 x 108 per ml, but no significant difference was observed 
between untreated larvae and those treated with concentrations below lx107 conidia per m!. 
The effect of B. bassiana on the development and survival of parasitoids when the host was 
first treated with pathogen and then exposed to the parasitoids at different times after 
inoculation was studied. No parasitoids emerged when they were exposed to B. bassiana 
treated larvae. When different immature stages of parasitoids (eggs, early larval stages, late 
larval stages and pupae) were exposed to B. bassiana, all parasitoid stages died within six 
days after exposure to the pathogen, with the exception of parasitoid pupae that successfully 
developed to adults. The number of dead larvae with mycosis was significantly different 
among exposed parasitoid development stages. Larger number of mycoses was observed in P. 
xylostella larvae from one day and three days after parasitization (eggs and early larval stages 
of parasitoid) than six days after parasitisation (late larval stage of parasitoid). 
In field cage experiments conducted during summer 2003 and autumn 2004, no significant 
difference was observed in the survival of P. xylostella larvae or the number of parasitoid 
pupae between a single application of fungus and two applications at three days apart in either 
season. In the summer 2003 experiment, fungus and parasitoid treatments alone and the 
combined treatment of fungus and parasitoid significantly reduced the P. xylostella larval 
population compared with the untreated cages but no synergistic effect was observed. A 
similar decrease of P. xylostella was observed in the autumn 2004 experiment but no 
significant difference was observed between parasitoid and control treatments. This indicates 
the pathogen was active in both seasons but the parasitoid was most active only in early 
summer. Even though B. bassiana has adverse effects on parasitoids under optimal conditions 
in the laboratory, under field cage conditions there was little indication of these effects. 
Keywords: P. xylostella, Diadegma semiclausum, Beauveria bassiana, interactions, bioassay, 
biological control, mortality, mycosis, parasitoid longevity, parasitoid behaviour, ecological 
susceptibility, LC5o, LT50 
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Chapter 1 
General introduction 
1.1.1 Pathogenic micro-organisms in pest control 
The use of synthetic pesticides in modem agriculture has been questioned for nearly 50 years. 
Most of the disadvantages, like environmental and health hazards, pest resistance, resurgence 
of target pests and secondary pest outbreaks by killing of natural enemies that have occurred 
due to the application of pesticides, have been extensively discussed (Carson, 1962; Graham, 
1970). As a means of minimizing the hazards of pesticides, integrated pest management 
(IPM) has became an important focus in agriculture, particularly for control of insect pests. 
In IPM programmes, biological control methods increasingly play an important role in 
reducing pest populations below the economic threshold level. Biological control agents can 
provide safe and natural reduction of crop pests (Beddington et al., 1978; Van Driesche & 
Bellows, 1996). Most of these biological control activities have taken place in the form of 
classical biological control (inoculative release of exotic natural enemies) or inundative 
augmentation (mass release of indigenous or exotic natural enemies). Parasitoids, predators 
and pathogens are widely used in these biological control programmes (DeBatch & Rosen, 
1991; Gurr & Wratten, 2000). 
Entomopathogens, such as fungi, bacteria and viruses, cause disease among insect 
populations, and they have been intensively studied in some countries. Entomopathogens 
were actually used before synthetic chemical pesticides were developed. For example, the 
first recorded use of an insect pathogenic fungus was the application of Metarhizium 
anisopliae (Metschnikoff) to control the cockchafer beetle Anisoplia austriaca (Hbst.) in 
Ukraine by Metschnikoffin 1879 (Ferron, 1978). Entomopathogenic organisms have also 
been developed as microbial insecticides for inundative augmentation, e.g., Bacillus 
thuringiensis Berliner and Beauveria bassiana (Balsamo) (Koul & Dhaliwal, 2003). 
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Entomopathogenic fungi are associated with insects living in diverse habitats, including fresh 
water, soil and aerial locations and are one of the most common types of pathogens that cause 
diseases in insects in the environment. Over 700 entomopathogenic fungi have been recorded 
and this number is still increasing (Hajek & Butler, 2000). There have also been numerous 
attempts to develop fungi as commercial microbial insecticides, however, very few of these 
have been commercially successful compared with synthetic insecticides. Several 
entomopathogenic fungi have been or are in the process of being commercialised (Hermann et 
al., 2000). Metarhizium anisopliae and B. bassiana have been developed and commercialised 
in China and Brazil under the name Balsamo. A semi commercial product, Boverin, has also 
been developed and is used in Russia for control of Colorado potato beetle, Leptinotarsa 
decemlineata (Say). Mycotech Inc., a biotechnology firm in Montana, USA, has developed a 
novel fermentation strategy to produce fungi such as B. bassiana for insect control and three 
formulated products (Mycotrol, Mycotrol 0 and BotaniGard) are now available (Wraight & 
Carruthers, 1998; Shah & Pell, 2003). In 2000, Mycotech was taken over by Emerald 
BioAgriculture, which continues to market these fungal-based formulations (Shah & Pell, 
2003). Lecanicillium longisporum and Lecanicillium muscari (Vertalec, Mycotal) for control 
of glasshouse pests and Metarhizium anisopliae (Green Muscle) for locust control, are also 
commercially available and used exclusively for control of those pests (Shah & Pell, 2003). 
1.1.2 Effect of fungi on non-target organisms 
Many microbial pest control agents are species specific to their host and occur in nature 
apparently without harming natural enemies (Van Driesche & Bellows, 1996). There is a 
general consensus that microbial pest control agents should be used more extensively in IPM. 
However, these agents can persist and replicate in nature and, therefore, may have substantial 
direct effects on arthropod predators and parasitoids especially following inundative release. 
Indirect effects of microbial pest control on natural enemies may be significant as well, e.g., 
through effects on the host or prey of natural enemies. Once a pathogen has been released into 
the environment, either in classical biological control or in inundative augmentation, it will 
generally establish in the environment, if the action of the pathogen as a control agent is 
established (Van Driesche & Bellows, 1996). Field establishment of B. bassiana was found 
by Castrillo et al. (2003) in soil and potato foliage in Freeville, New York. 
Once a pathogen has established in the environment, its effect on other non-target organisms 
needs to be understood. The indirect effects of microbial pest control agents on natural 
enemies and other non-target organisms have traditionally been assessed in ways similar to 
those for conventional pesticides (Strasser et al., 2000). 
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Microbial control agents can cause harm either through direct infection of non-target 
organisms or, indirectly, by way of competition for food by depletion oftarget organisms. 
The pathogenicity of B. bassiana and M anisopliae on the honey bee Apis mellifera L. has 
been reported to be significant at high dose rate under laboratory conditions but has no impact 
on the bee colony (Butt et al., 1994). Kiselek (1975) reported that 50% of Cryptolaemus 
montrouzieri Muls adults and larvae died when they consumed mealybugs sprayed with 1 % 
a.i. suspension ofBoverin. Indirect mortality ofthe braconid Microplitis croceipes (Cresson) 
occurred when its larval host Heliothis zea (Boddie) was infected with Nomuraea rileyi 
(Farlow) before oviposition or when fungal infection occurred within 24 hours of 
parasitization (King & Bell, 1978; Ooi, 1980). When H zea was infected withN rileyi 24 
hours after parasatization, the parasitoid completed its development and emerged before the 
Heliothis died. King and Bell (1978) found one interesting ecological relationship; parasitism 
may predispose some hosts to fungal infection. They found that the rate of N rileyi infection 
of H zea was extremely low if applied before parasitization by M croceipes. However, when 
the fungus was applied either at the same time or after oviposition, the infection rate was 
significantly higher indicating that parasitism predisposes the host to infection by the fungus 
(Brobyn et al., 1988; Fransen & van Lenteren, 1993). 
Another extensive study of interference by a fungal pathogen was reported by Powell et al. 
(1986) involving the aphidiid parasitoids of cereal aphids. In field populations of aphids, the 
parasitism level declined through the season as fungal infection increased. In laboratory tests, 
the fungus Pandora neoaphidis Remaudiere and Hennebert (Humber) took 2 - 4 days to kill 
rose grain aphid Metopolophium dirhodum (Walker), whereas the parasitoidAphidius 
rhopalosiphi (De Stefari-Peres) took 8 - 9 days at 20°C. When aphids were infected with the 
fungus less than four days after being parasitized, parasitoids were prevented from completing 
their development. Conversely, when infection occurred more than four days after parasitism, 
development of the fungus was significantly impaired and Powell et al. (1986) could find no 
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histological evidence that the fungus invaded the tissues of the parasitoids when both attacked 
the same aphid. 
Overwintering mortality could increase substantially for many natural enemies if large 
quantities entomopathogenic fungi were used commercially. In England, overwintering 
mortality of the coccinellidAdalia bipunctata (L.) was 36%; the primary cause of death was 
the fungal pathogen B. bassiana (Mills, 1981). Hibernating adult Coccinella septempunctata 
L. were also attacked by B. bassiana and infection rates of 50% were reported among 
overwintering populations in south eastern France (Hodek, 1973). 
1.1.3 Effect of fungi on parasitoid oviposition behaviour 
Changes in behaviour of paras ito ids on fungal-infected and uninfected hosts have been 
reported from many studies. Some parasitoids showed fewer oviposition attempts in infected 
hosts than in uninfected hosts (Brobyn et al., 1988; Tounou et al., 2003). Some parasitoids 
can discriminate between hosts infected with a fungal pathogen and non-infected hosts 
(Brobyn et aI., 1988; Fransen & van Lenteren, 1993); however, other parasitoids show no 
difference in the number of oviposition attempts between infected and uninfected hosts but 
they deposited fewer eggs in infected hosts than in uninfected hosts (Fransen & van Lenteren, 
1987, 1993). Sometimes the duration of probing by the ovipositor is longer in uninfected 
hosts than in infected hosts (Mesquita & Lacey, 2001) but other parasitoids showed no 
difference in oviposition attempts between infected and uninfected hosts (Furlong & Pell, 
2000). 
1.1.4 Interaction between fungi and parasitoids 
Many studies have shown that entomopathogenic fungi with a broad host range can interact 
antagonistically with arthropod natural enemies but only under environmental conditions that 
are optimal for the fungus (James & Lighthart, 1994; Lacey et al., 1997; Askary & Brodeur, 
1999). For example, development of the aphid parasitoid, Aphidius nigripes Ashmead, was 
impeded by Lecanicillium lecanii (Zimmerman) Viegas infection in the aphid hosts. 
However, a high proportion of the parasitoids developed successfully when aphids were 
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exposed to L. lecanii four days after parasitization (Askary & Brodeur, 1999). Danfa & van 
der Valk (1999) showed that, under laboratory conditions, application of 11 isolates of 
Metarhizium spp. and one isolate of B. bassiana at the rate of 5xl 012 per ml spores in 280 1 of 
water per hectare (the recommended field rate against locusts) resulted in 100% mortality of 
the hymenopteran parasitoids, Bracon hebetor Say (Braconidae) and Apoanagyrus lopezi De 
Santis (Encyrtidae). 
Increased mortality of pest species can result even when interference between pathogen and 
parasitoids is evident. The fungal pathogen Hirsutella cryptosclerotium (Fern.) and parasitoid 
Gyranusoidea tebygi Noyes are both natural enemies of the mealybug Rastrococcus invadens 
Williams and the pathogen reduced levels of parasitism by the parasitoid, but overall 
mortality of the mealybug was still greater than when both natural enemies acted separately 
(Akalach et al., 1992). The development of the parasitoid Aphidius rhopalosiphi DeStefani 
Perez, was prevented when the aphid, Metopolophium dirhodum was infected by the fungus 
P. neoaphidis less than four days after parasitisation, probably because parasitoids did not 
have sufficient time to complete their develop before their host were killed by the fungus 
(Powell et al., 1986). 
1.2 Background and main objective 
Many studies have shown that entomopathogenic fungi with a broad host range can interact 
with non-target arthropods under favourable environmental conditions (James & Lighthart, 
1994; James et al., 1995; Lacey et al., 1997; Askary & Brodeur, 1999). Hence there is some 
evidence of the effects of application of microbial insecticides on non-target species and, 
therefore, more detailed study of the interactions between entomopathogenic fungi and 
parasitoids is warranted. Largely the interactions among host, pathogen and parasitoids have 
been studied in the laboratory, and only a few studies have been done on other aspects such as 
relationship between species, their behaviour, and their interactions in agro-ecosystems. 
Therefore, it is important to study the effect of entomopathogenic fungi on the behaviour and 
population development of parasitoids under both laboratory and field conditions. 
To investigate these types of interactions, B. bassiana was selected as the pathogen since it 
has been reported from many insects species in the world and also interactions between 
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hymenopteran species with this pathogen have previously been recorded (Vandenberg, 1990; 
Butt et ai., 1994; Alves et al., 1996; Danfa & van der Valk, 1999). Diamondback moth, 
Plutella xylostella (L.) was selected as the host pest because of its economic importance as a 
worldwide pest and its resistance to all major classes of insecticide (Beck & Cameron, 1990; 
Shirai, 1991; Talekar & Yang, 1991; Talekar & Shelton, 1993). Diadegma semiclausum 
(Hellen) was used as the parasitoid in this study since it was the first recorded parasitoid 
exported from Europe to many parts of the world and its high parasitism rate over of 70% 
(Todd, 1959; Thomas & Ferguson, 1989). 
The following sections provide background information on P. xylostella and D. semiclausum 
considered to be relevant for this study. 
1.3 Plutella xylostella 
1.3.1 Pest status of P. xylostella 
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Plutella xylostella is a worldwide pest whose larvae are oligophagous feeding on any plant 
containing mustard glucosides (Thorsteinson, 1953). Members of the plant family Cruciferae 
occur in temperate and tropical climates and represent a diverse range of crop plants including 
cabbage, broccoli, cauliflower, collards, rapeseed, mustard and Chinese cabbage (Talekar & 
Shelton, 1993). Plutella xylostella has a history of resistance to every insecticide class used 
against it and control of the pest costs growers of cruciferous vegetables more than US$ one 
billion every year (Talekar and Shelton 1993). 
1.3.2 Bionomics of P. xylostella 
Most adults emerge during the first eight hours of the photophase (Pivnick et al., 1990). 
Mating occurs 24 hours after emergence and the preoviposition period averages 1.3 days 
(Wan, 1970). Several workers have reported the life cycle of P. xylostella under different 
environmental conditions. The first record of the biology and life cycle of P. xylostella in 
New Zealand is Robertson (1939) who reported that larval development ranged from 12 - 15 
days at 17.SoC. Wan (1970) reported the developmental period of P. xylostella egg, larva, 
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prepupa and pupa as 2.1,5.4,0.6 and 3.9, days respectively, at 26.4 ± 2.7°C and 86 ± 14% 
relative humidity (RH). In another study in Spain, the life spans of the larva, pupa and pre 
pupa were 12.7, 1.3 and 7.0 days at 20 ± 1°C (Salinas, 1986). Different developmental 
periods for P. xylostella were reported from India. Chauhan et al. (1997) recorded life spans 
for egg, larva and pupa as 3.3, 11.0 and 5.9 days, respectively, but temperature data were not 
provided. The life span ofthe adult moth is 19.6 days for males and 15.6 for females. The life 
cycle of P. xylostella is 1.8 - 5.4,6.5 - 24.7,0.7 - 2.4 and 3.3 - 11.4 days for egg, larva, 
prepupa and pupa, respectively, according to Kandoria et al. (1994) and male moths lived 5.7 
- 32.4 days and female moths lived 4.3 - 33 days. According to Devi & Raj (1995), the 
duration of egg, larva and pupa development of P. xylostella is 3 - 4, 5 - 7 and 10- 12 days, 
respectively, and the male adult lives 4 - 5 days at 28.1 0c. The fecundity range is 150 - 256 
eggs depending on the season (Wan, 1970; Kandoria et al., 1994). In laboratory studies in 
Japan on the life cycle of P. xylostella at various temperatures, Yamada & Kawasaki (1983) 
observed that the rate of hatching, pupation and adult emergence, as well as fecundity, were 
significantly faster at 20,22.5 and 27.5°C than at 17.5°C and 30°C. No females oviposited at 
32.5°C. It was also observed that population increase occurred most rapidly at 27.5°C and 
most slowly at 30°C. Plutella xylostella completed development from egg to adult at all 
temperatures between 8 and 32°C. The survival rate of the all immature stages was 60% 
between 12 and 28°C but decreased both above and below this temperature range, dropping to 
zero at 6 and 34°C (Liu et al., 2002). 
1.3.3 Parasitoids of P. xylostella 
Numerous parasitoids and predators attack all development stages of P. xylostella. Although 
over 90 parasitoid species attack P. xylostella (Goodwin, 1979) only about 60 of them appear 
to be important in effective control in natural population regulation of P. xylostella. Among 
these, six species attack eggs, 38 species attack larvae and 13 attack pupae (Talekar & 
Shelton, 1993). Egg parasitoids belonging to the polyphagous genus Trichogramma 
contribute little to natural control and require frequent mass releases to provide beneficial 
population reductions. Larval parasitoids are the most predominant and effective. Many larval 
parasitoids belong to two major genera: Diadegma and Cotesia (= Apanteles). A few 
Diadromus spp., most of which are pupal parasitoids, are also considered beneficial and 
desirable (Lim, 1986). Cotesia plutellae (Kurdjumov) is a solitary parasitoid that attacks P. 
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xylostella larvae (Batch & Tabashnik, 1990) and D. semiclausum is the most common larval 
parasitoid of P. xylostella in the field. According to the laboratory results of Lim (1986), D. 
semiclausum is superior to C. plutellae in locating and parasitizing P. xylostella. Diadegma 
semiclausum and Diadromus collaris (Gravenhorst) imported from Europe in the 1930s have 
become widely established in New Zealand (Thomas & Ferguson, 1989). In laboratory 
experiments conducted in New Zealand, Cameron & Walker (1997) showed that C. plutellae 
preferred to lay eggs on P. xylostella to Pieris rapae (L). Shi et al. (2004) investigated 
interspecific competition between D. semiclausum and C. plutellae at 25°C in the laboratory, 
exposing third instar larvae of P. xylostella to both species·together. They found that when 
host larvae were exposed simultaneously to the two species parasitism rates by each species 
were not reduced by the presence of the other species. Furthermore, joint parasitism rate by 
the two species was not significantly higher than that by either parasitoid alone. Both 
parasitoids could lay eggs into the host larvae that had previously been parasitized by the 
other species, leading to multiple parasitized hosts. When host larvae were parasitized first by 
D. semiclausum and then exposed within 1 - 2 hours to C. plutellae, or vice versa, or and 
when host larvae were parasitized initially by C. plutellae and then by D. semiclausum two or 
more days later, parasitoid cocoons produced from the multiple parasitized host larvae were 
all C. plutellae. In contrast, when host larvae were parasitized initially by D. semiclausum and 
then were followed by C. plutellae two or more days later, most host larvae did not survive to 
prepupae and any resulting parasitoid adults from surviving hosts were D. semiclausum. 
Dissections of host larvae at various time intervals after parasitization by the two parasitoids 
showed that development of both parasitoids in multiparasitised hosts was somewhat arrested, 
and that the first instar C. plutellae could initiate a physical attack on the larvae of D. 
semiclausum, removing the latter. 
1.3.4 Biology of D. semiclausum 
Diadegma semiclausum is a solitary, larval-prepupal endoparasitoid of P. xylostella. It 
oviposits into all four larval instars (Talekar & Yang, 1991; Yang et al., 1993). The immature 
parasitoid develops inside the host larva, but the parasitized P. xylostella larva, having 
produced a cocoon, is not able to pupate because of the presence of the parasitoid larva within 
its body, irrespective of the host instar at oviposition (Ooi, 1980). After consuming all 
contents of its host, D. semiclausum makes its own cocoon for pupation inside the host's 
cocoon. 
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The lifespan of D. semiclausum was reported by Guei et al. (1995). The periods from egg to 
adult were 21.47,21.06, 16.58 and l3.29 days at 20,22,25 and 28°e, respectively. Parasitism 
rates were 39.5, 78.5, 89.9, 83.5 and 32.5% at 10, 15,20,25 and 30oe, respectively. A similar 
pattern oflifespan was reported by Yang et al. (1993) and they observed that, with increasing 
temperature in the range of 15 - 35°e, the life span of D. semiclausum decreased. According 
to Furlong & Pell (2000), within the host larva, the mean development time from egg to pupa 
was 160 hours (6.6 days) at 20oe. Diadegma semiclausum can discriminate previously 
parasitized larvae of C. plutellae and D. semiclausum avoided super-parasitism (Yang et al., 
1994). The lifespan of adult D. semiclausum averaged 16 days for males and 23.9 days for 
females. Females laid up to 780 eggs at temperatures ranging from 20 - 25°e. The duration of 
development averaged 23.9 - 27.9 days in 2nd instar host larvae and 20.7 - 24.7 days in 4th 
instar host larvae (Happe et al., 1988). Abbas (1988) reported that, in second and third instar 
P. xylostella larvae in the laboratory at 25°e, the egg stage of the parasitoid lasted 38 hours, 
the larval stage (five instars) 5.4 days, the prepupal stage 33 hours and the pupal stage 5.9 
days. The adult lifespan averaged 11.2 days for males and 14.6 days for females and the sex 
ratio was 1: 1. Although superparasitism occurred, only one parasitoid developed from one 
host larva. The daily and total rates of egg production per female averaged l3.6 and 164.2, 
respectively. 
1.3.5 Entomopathogenic fungi on Plutella xylostella 
Several entomopathogenic fungi have been isolated from P. xylostella (Humber, 1992). For 
example, the entomophthoralean pathogen, Pandora blunckii (Riethmacher & Kranz, 1994), 
Zoophthora radicans (Brefeld), regularly causes epizootics in P. xylostella larvae (Ullyett & 
Schonken, 1940; Kelsey, 1965; Ooi, 1981; Riethmacher et al., 1990; Galani-Wraight et al., 
1991). 
In an inundative application, the other important fungus is Beauveria bassiana. About 150 
years ago this fungus was first shown to be responsible for disease in insects. The first 
experimental demonstration was by Agostino Mori, in 1834, that the white muscardine fungus 
B. bassiana caused disease in the silkworm (Glare & Milner, 1991). The potential use of B. 
bassiana for control of P. xylostella has been studied all over the world. In Malaysia (Ibrahim 
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& Low, 1993), England (Selman et a!., 1997), USA (Vandenberg et ai., 1998a), Japan 
(Masuda, 1998), China (Ma-Jun et ai., 1999), North Korea (Y oon et ai., 1999) and Costa Rica 
(Acuna & Carballo, 2000) are a few of those countries in which research on this pathogen-
pest system has been carried out. 
1.4 Beauveria bassiana 
1.4.1 Use of B. bassiana in pest management 
Beauveria bassiana is placed in Phylum Ascomycota, class Euascomycetes and order 
Hypocreales. This fungus has been given about 40 different species names by various authors 
from 1809 to the present but the name, B. bassiana, given by Vuillemin in 1912 is preferred 
(CABI Crop Protection Compendium, 2001 edition). 
Among the many species ofhyphomyceteous fungi that have the potential for 
commercialization, the large variety of agriculturally important target insects and a clear 
understanding of host-pathogen interactions at the molecular level make B. bassiana an ideal 
mycoinsecticide (Khachatourains et ai., 2002). Beauveria bassiana is perhaps the most 
extensively studied entomogenous fungus as it has been isolated from insects worldwide 
(Gillespie, 1988) and is known to cause disease in about 700 insect species (Li, 1987, cited in 
Goettel et ai., 1990). 
Since it was observed that B. bassiana caused epizootics in silkworm colonies, this fungus has 
been applied for pest control in many areas in the People's Republic of China; the effect of 
field applications on silkworm colonies was tested and showed no epizootic in silk worm 
colonies (Anonymous 1981, cited in Goettel et ai., 1990). This research resulted in moderate 
use of B. bassiana in China and Eastern Europe. In China, B. bassiana was produced in 
communes in the past and applied against European corn borer, Ostrinia nubilalis (Hiibner), 
pine caterpillars, Dendrolimus spp. and green leafhoppers, Nephotettix spp. In the former 
Soviet Union, B. bassiana was produced under the trade name Boverin to control Colorado 
potato beetle, L. decemlineata, and codling moth, Cydia pomonelia (L.) (Ferron, 1981). AGO 
Biocontrol Beauveria 50, Biorin, Beauveria Schweizer, Dispel and Ostrinil, Naturalis-L, 
Naturalis-T, Com Guard, Bio-Power, Beauverin, Conidia and Proecol are other available 
examples ofB. bassiana as bio-insecticides (Copping, 2001; Glare, 2005). 
1.4.2 Etiology of muscardine disease (Beauveria bassiana) 
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The infective unit of this fungus is the conidium. Pathogenesis is initiated by adhesion of a 
conidium to the insect cuticle. Its attachment to the cuticle is thought to involve non-specific 
adhesion mechanisms mediated by the hydrophobicity of the conidial cell wall (Boucias et al., 
1988). Secretion of adhesive mucus as the conidium swells during pre-germination 
development supplements the initial hydrophobic interactions between the conidium and the 
cuticle surface. For germination to occur, a utilizable carbon must be present and a nitrogen 
source is needed for continued hyphal growth (Pekrul & Grula, 1979). At favourable 
temperatures and in the presence of sufficient water, conidia germinate, generally on the host 
cuticle. A germ tube is formed and penetrates the cuticle directly. The critical water activity 
(aw) for germination and mycelial growth is about 0.92 (equivalent to a relative humidity of 
(92%). Conidia of B. bassiana germinate at 0.94 aw but not at 0.92 aw (Gillespie & Crawford, 
1986; Gillespie, 1988). Fargues et al. (1997) studied the vegetative growth of 65 isolates of B. 
bassiana from different geographic and host origins and found that the optimal temperatures 
were generally between 25 - 28°C with several isolates exhibiting optimal growth at 
temperatures as low as 20°C or as high as 30°C. Relative growth rates, however, were not 
very useful in distinguishing differences among many of the isolates at near-optimal 
temperatures. In contrast, the ability to distinguish differences in relative growth rates among 
isolates increased progressively as temperatures increased above 28°C or decreased below 
20°C. 
Penetration of hyphae through the insect cuticle involves both enzymatic degradation of the 
cuticle and mechanical pressure by the germ tube. Strains of B. bassiana produce large 
quantities of prot eases and chitinase in liquid culture (St.Leger et al., 1986a). In several B. 
bassiana strains the key enzyme is an endoprotease that dissolves the protein matrix masking 
the cuticular chitin (Smith & Grula, 1981; St. Leger et al., 1986b). Chitinase production 
occurs later in the infection process. Once through the cuticle, the fungus must overcome the 
host's defence system before it can enter the haemolymph and spread throughout the insect 
(Gotz & Vey, 1974.). Vey & Fargues (1977) showed that plasmatocytes surround the 
-..... -.-.-.:.:.: ... -...... -.. 
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mycelium as a pseudotissue or granuloma in invertebrate cell culture. Beauveria spp. produce 
toxins which erode this granuloma and allow blastospores to invade the haemocoel (Vey & 
Gotz, 1975). Beauveria bassiana produces a number of toxic compounds, including 
beauvericin, oosporein, bassianolide, bassianin beauverolides and tenellin (Vey et al., 2001). 
The toxin beauvericin has been isolated from B. bassiana (Hamill et al., 1969; Gillespie & 
Claydon, 1989). Hyphal bodies proliferate just before death of the host. Once in the 
haemolymph, growth morphology changes and the fungus assumes a yeast like form that 
multiplies by bUdding. The fungus spreads throughout the haemocoel, killing the insect 3 - 14 
days after spore application (adhesion to cuticle), depending on spore dosage and temperature. 
Insect death may result from a combination of actions, including depletion of nutrients, 
physical obstructions, invasion of organs and toxicities. Histopathological studies of elaterid 
tissues infected by M anisopliae suggested that toxins kill the host by inciting progressive 
degeneration of the host tissues due to loss of the structural integrity of membranes and then 
dehydration of cells by fluid loss (Zacharuk, 1971). 
The histopathology of B. bassiana in Metisa plana (Walker) (Lepidoptera: Psychidae) has 
been studied by Ramlee et al. (1996). When fourth-instar larvae of M plana were sprayed 
with conidial suspensions of B. bassiana containing 6.25 x 106 conidia per ml, fungal hyphae 
penetrated the integument inside the trachea and via the nuclei of epidermal cells by 48 hours 
after inoculation. Fungal hyphae infiltrated the fat bodies underlying the integument. At 72 
hours after inoculation, the fat tissues were damaged by progressive colonization with hyphae. 
Subsequently, the hyphae invaded the muscle tissues, neural tissues, germ cavities, 
malpighian tubules, gut musculature and epithelial cells, and finally colonized the gut lumen. 
Between 96 and 120 hours post-inoculation, all internal organs were heavily colonized by 
hyphae, and the infected insects were already dead. Twenty-four hours after death, whitish 
mycelia began to emerge from the cuticle of cadavers. 
Following host death, fungi often grow saprophytically within the host, and metabolites 
produce by B. bassiana, e.g., oosporein, may be involved in the competitive exclusion of 
competing microorganisms from the cadaver. Soon after host death, and under favourable 
conditions, hyphae emerged from the cadaver and produced conidiogenous cells. Sporulation 
occurs on the host surface and the conidia are liberated. Conidia dispersal is passive, relying 
principally on wind (Airaudia & Marchisio, 1996; Shimazu et al., 2002) but other factors such 
as rain playa role in dissemination. Beauveria bassiana produces conidia possessing 
hydrophobic properties due to cysteine-rich proteins called hydrophobins within the rodlet 
layer of the cell wall (Inglis et al., 2001; Shimazu et al., 2002). 
1.4.3 Interactions of Beauveria bassiana with plants 
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An endophytic relationship between B. bassiana with com plants was reported by Bing & 
Lewis (1991); they observed that most maize (Zea mays L.) plants treated at the whorl stage 
of development with granular or liquid formulations of B. bassiana conidia became internally 
colonized by the fungus. Subsequent studies confirmed that B. bassiana entered maize tissues 
and, once in the plant, the fungus remained there throughout the growing season and provided 
the season-long suppression of European com borer larvae Ostrinia nubilalis Hubner (Bing & 
Lewis, 1992, 1993; Saikkonen et al., 1998) . The adhesion, subsequent growth and 
penetration of maize leaves are morphologically very similar to the germination and 
penetration of insect cuticles by B. bassiana (Wagner & Lewis, 2000). On leaves, conidia 
germinate regardless of topographical signals, and hyphae from germinating conidia penetrate 
the cuticle directly. Microscopic observations suggest both an enzymic and a mechanical 
mechanism of penetration. Once in the plant, hyphae grow within the leaf apoplast and, in 
some cases, within the xylem elements (Inglis et al., 2001; Saikkonen et al. 1998). 
1.4.4 Effect of Beauveria bassiana on non target organisms 
Laboratory evaluation of the impact of B. bassiana on Prorops nasuta Waterston, a parasitoid 
of coffee berry borer (Hypothenemus hampei, Ferr.) was done by Rosa et al. (2000). They 
found the number of living adult P. nasuta was significantly reduced in fungal treatments than 
in control treatments. Experimental spray application by James et al.(1995) in an alfalfa 
(lucerne) field in Oregon, USA, with an aphid-derived strain of B. bassiana to determine its 
persistence and its effects on pea aphid, Acyrthosiphon pisum, and a non-target aphid 
predator, the coccinellid Hippodamia convergens, found B. bassiana conidia persisted in the 
field for at least 28 days, when approximately 10% of the original inoculum was still present. 
Thus, both insect species were exposed to the fungus for at least one month. However, pea 
aphid populations were not affected by the fungus. The predator's incidence was reduced by 
75 - 93% (depending on application rate) early in the season, but was not affected later in the 
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. season. Furthennore, they suggested that insect life history patterns and weather conditions 
are likely causes for the differences seen in field effects. In field experiments, Jaronski et al. 
(1998) found the impact of B. bassiana (strain GHA) on the predator complex of the aphid 
Eretemocerus sp. and whitefly Bemisia argentifolii, was minimal. {Furlong, 2004 #180 } 
found interaction between D. semiclausum and B. bassiana 
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All these studies indicate some fonn of interaction between the host, pathogen and parasitoid, 
but relatively little information has been gained about how precisely such interactions occur 
or what their long tenn implications might be. 
1.5 Objectives of the study 
The overarching aim of this research was to investigate more fully the interactions among an 
insect pest host, a parasitoid and a pathogen under laboratory and field conditions. 
The specific objectives were to: 
1. Detennine the virulence of New Zealand isolates of B. bassiana against P. xylostella larvae 
and compare these strains with other isolates of B. bassiana, which are being used for the 
management of P. xylostella larvae in USA. 
2. Characterise the behavioural response of the parasitoid to infected and uninfected P. 
xylostella larvae with particular emphasis on oviposition attempts and the ability of 
parasitoids to discriminate between infected and uninfected larvae. 
3.a Evaluate the direct and indirect effect of fungi on the survival and development of 
parasitoids. In these experiments, the effects of topical application of a suspension of 
fungal conidia on the parasitoid's survival and fecundity and the effect of continuous 
contamination with fungal sprayed leaves on the survival of adult parasitoids were 
investigated. 
3.b Evaluate the effect of the pathogen on the development and survival of paras ito ids when 
the host was first treated with pathogen and then exposed to the parasitoids and when the 
host was first exposed to the parasitoids and then treated with pathogen were observed. 
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4. Evaluate the ability of parasitoid adults to disseminate fungal conidia among host larvae. 
5. Determine the susceptibility of host and parasitoid to the fungus and the interactions among 
host, pathogen and parasitoid under field conditions (ecological susceptibility). 
Thesis structure 
This thesis is written as a series of self-contained chapters connected by the overall aim of the 
thesis. Each chapter contains a specific objective and the experimental procedure carried out 
to achieve the objective. The results, discussion and the conclusions reached are reported. 
Chapter 1 Background literature and objectives of research. 
Chapter 2 The aim of this chapter is to determine the virulence of New Zealand isolates of B. 
bassiana pathogenic to P. xylostella larvae and compare the virulence of these isolates with 
other isolates of B. bassiana which are being used for the management of P. xylostella larvae 
in USA. 
Chapter 3 The main aim of this chapter is to compare the behavioural responses of the 
parasitoid to infected and uninfected P. xylostella larvae with particular emphasis on whether 
female parasitoids attempt to oviposit in infected compared to uninfected hosts. A bacterium, 
Serratia marcescens, is used as a maker to determine the ability of parasitoids to discriminate 
between infected and uninfected hosts in oviposition attempts, and this method compared 
with video recordings of the behavioural responses of parasitoids to infected and uninfected 
hosts. 
Chapter 4 Evaluation of the direct and indirect effect of B. bassiana on the survival and 
development of parasitoids is the aim of this chapter. The effects of topical application of a 
suspension of fungal conidia on the parasitoid's survival and fecundity, as well as the effect of 
continuous exposure to fungus sprayed leaves on the survival of adult parasitoids were 
investigated. The effect of the pathogen on the development and survival of paras ito ids when 
the host was first treated with pathogen and then exposed to the parasitoids, and also when the 
host was first exposed to the parasitoids and then treated with pathogen was also investigated. 
16 
Chapter 5 The ability of parasitoid adults to disseminate fungal spores among host larvae is 
explored in this chapter. 
Chapter 6 The aim of this chapter is to determine the susceptibility of host and parasitoid to 
the fungus and the interactions among host, pathogen and parasitoid under field conditions. 
Chapter 7 A general discussions integrating the research carried out in this study with 
published research is provided in this chapter. 
1.6 References 
Abbas, M.S.T. (1988) Biological and ecological studies on Diadegma semiclausum Hellen 
(Hym., Ichneumonidae), a larval parasite of the diamond-back moth, Plutella 
xylostella (L.) (Lep: Plutellidae) in Egypt. A nzeiger fur Schadlingskunde, 
Pjlanzenschutz, Umweltschutz, 61, 1-2. (Only abstract read, CAB abstracts). 
Acuna, P.A. & Carballo, V.M. (2000) Comparison of Beauveria bassiana strain with 
insecticides used for control of Plutella xylostella. Manejo Intergrado de Plagas, 56, 
52-57. (Only abstract read, CAB abstracts). 
Airaudia, D. & Marchisio, V.F. (1996) Fungal biodiversity in the air of Turin. 
Mycopathologia, 136, 95-102. 
Akalach, M., Fernandez-Gercia, E., & Moor, D. (1992) Interaction between Rastrococcus 
invadens (Homoptera: Pseudococcidae) and two other natural enemies. Entomophaga, 
37,99-106. 
Alves, S.B., Marchini, L.C., Pereira, R.M., & Baumgratz, L.L. (1996) Effects of some insect 
pathogens on the Africanized honey bee, Apis mellifera L. (Hym., Apidae). Journal of 
Applied Entomology, 120, 559-564. 
Askary, H. & Brodeur, J. (1999) Susceptibility oflarval stages of the aphid parasitoid 
Aphidius nigripes to the entomopathogenic fungus Verticillium lecanii. Journal of 
Invertebrate Pathology, 73, 129-132. 
Batch, C.E. & Tabashnik, B.E. (1990) Effect of non host plant neighbours on population 
densities and parasitism rates of the diamondback moth, Plutella xylostella 
(Lepidoptera, Plutellidae). Environmental Entomology, 19,987-993. 
. Beck, N.G. & Cameron, P.J. (1990) Comparison oflepidopteron pest populations and their 
parasitoids in three vegetable brassicas. In Proceedings of 43rd N.Z. Weed and Pest 
Control Conference, pp. 21-25. 
Beddington, J.R., Free, e.A., & Lawton, J.R. (1978) Characteristics of successful natural 
enemies and models of biological control of insect pests. Nature, 273,513-518. 
Bing, L.A. & Lewis, L.C. (1991) Suppression of European com borer, Ostrinia nubilalis 
(Hubner) (Lepidoptera: Pyralidae), by endophytic Beauveria bassiana (Balsamo) 
Vuillemin. Environmental Entomology, 20, 1207-121l. 
Bing, L.A. & Lewis, L.C. (1992) Endophytic Beauveria bassiana (Balsamo) Vuillemin in 
com: the influence of the plant growth stage and Ostrinia nubilalis (Hubner). 
Biocontrol Science and Technology, 2, 39-47. 
17 
Bing, L.A. & Lewis, L.C. (1993) Occurrence of the entomopathogen, Beauveria bassiana 
(Balsamo) Vuillemin in different tillage regimens and in Zea mays L. and virulence 
towards Ostrinia nubilalis (Hubner) (Lepidoptera: Pyralidae). Agricultural Ecosystems 
and Environment, 45, 147-156. 
Boucias, D.G., Pendland, le., & Latge, J.P. (1988) Nonspecific factors involved in 
attachment of entomopathogenic deuteromycetes to host insect cuticle. Applied and 
Environmental Microbiology., 54, 1795-1805. 
Brobyn, P.l, Clark, S.l, & Wilding, N. (1988) The effect of fungus infection of 
Metopolophium dirhodum (Homoptera: Aphidae) on the oviposition behaviour of the 
aphid parasitoid Aphidius rhopalosiphi (Hymenoptera: Aphididae). Entomophaga, 33, 
333-338. 
Butt, T.M., Ibrahim, L., Ball, B.V., & Clark, S.J. (1994) Pathogenicity of the entomogenous 
fungi Metarhizium anisopliae and Beauveria bassiana against crucifer pests and the 
honey bee. Biocontrol Science and Technology, 4, 207-214. 
Cameron, P.J. & Walker, G.P. (1997) Host specificity of Cotesia rubecula and Cotesia 
plutella, parasitoids of white butterfly and diamondback moth. New Zealand Plant 
Protection, 18-21, 236-24l. 
Carson, R. (1962) Silent Spring Hamish Hamilton, London. 
Castrillo, L.A., Vandenberg, lD., & Wraight, S.P. (2003) Strain-specific detection of 
introduced Beauveria bassiana in agricultural fields by use of sequence-characterized 
amplified region markers. Journal of Invertebrate Pathology, 82, 75-83. 
Chauhan, u., Bhalla, O.P., & Sharma, K.e. (1997) Biology and seasonality of the 
diamondback moth, Plutella xylostella (L). (Lepidoptera, Yponomeutidae) and its 
parasitoids on cabbage and cauliflower. Pest Management in Horticultural 
Ecosystems., 3, 7-12. 
Copping, L.G., ed. (2001) The Biopesticide ManuallA World Compendium, pp 528. British 
Crop Protection Council. 
Danfa, A & van der Valk, H.G. (1999) Laboratory testing Metarhizium spp. and Beauveria 
bassiana on Sahelian non target arthropods. Biocontrol Science and Technology, 9, 
187-198. 
18 
DeBatch, P. & Rosen, D. (1991) Biological control by natural enemies Cambridge University 
Press, Cambridge. 
Devi, N. & Raj, D. (1995) Biology and parasitisation of diamondback moth Plutella xylostella 
L. (Sic.) infesting cauliflower in mid hill region of Himachal Pradesh (India). Journal 
of Entomological Research, 9, 83-96. 
Fargues, J., Ouedraogo, A, Goettel, M.S., & Lomer, C.l (1997) Effects of temperature, 
humidity and inoculation method on susceptibility of Schistocerca gregaria to 
Metarhiziumflavoviride. Biocontrol Science and Technology, 7, 345-356. 
Ferron, P. (1978) Biological control of insect pests by entomogenous fungi. Annual Review of 
Entomology, 23, 409-442. 
Ferron, P. (1981). Pest control by the fungi Beauveria and Metarhizium in 1970 - 1980. In 
H.D. Burges (ed.), Microbial Control of Pests and Plant Diseases, Academic Press, 
London, pp. 465-482. 
Fransen, J.l & van Lenteren, J.C. (1987) Interaction between the parasitoid Encarsia 
formosa and the pathogen Aschersonia aleyrodis in the control of greenhouse white 
fly Trialeurodes vaporariorum host selection and survival of the parasitoid in the 
presence of host infected with the fungus in Aschersonia aleyrodis as a microbial 
control agent of greenhouse whitefly. Dissertation, Landbouwenwersiteit te 
Wageningen, Netherlands. 
Fransen, J.J. & van Lenteren, J.C. (1993) Host selection and survival of the parasitoid 
Encarsiaformosa on greenhouse whitefly, Trialeurodes vaporariorum, in the 
presence of hosts infected with the fungus Aschersonia aleyrodis. Entomologia 
Experimentalis et Applicata, 69, 239-249. 
Furlong, M.J. & Pell, lK. (2000) Conflicts between a fungal entomopathogen, Zoophthora 
radicans, and two larval parasitoids of the diamondback moth. Journal of Invertebrate 
Pathology, 76, 85-94. 
'."_-.t-'."_.-. __ '..:.-.''-'_ 
:_-;;,_-,,-"._._~_r_.~_._, 
19 
Galani-Wraight, S., Wraight, S.P., Carruthers, RI., Magalhaes, B.P., & D.W., R (1991) 
Description of Zoopthora radicans (Zygomycetes: Entomopthoraceae ) epizootic in a 
population of Empoasca kraemeri (Homoptera: Cicadellidae) on beans in Central 
Brezil. Journal of Invertebrate Pathology, 58, 311-326. 
Gillespie, A.T. (1988). Use of fungi to control pests of agricultural importance. In M.N. 
Burge (ed.), Fungi in Biocontrol Systems, Manchester University Press, Manchester 
and New York, pp. 37-60 .. 
Gillespie, A.T. & Crawford, E. (1986) Effect of water activity on conidial germination and 
mycelial growth of Beauveria bassiana, Metarhizium anisopliae, Paecilomyces spp. 
and Verticillium lecanii. In RA. Samson, J.M. Valk & D. Peters (eds.), Foundation of 
the IVth International Colloquium of Invertebrate Pathology Wageningen, The 
Netherlands, pp. 254. 
Gillespie, A.T. & Claydon, N. (1989) The use of entomogenous fungi for pest control and the 
role of toxins in pathogenesis. Pesticide Science, 27, 203-215. 
Glare, T.R (2005) Background: Biopesticides in today's world. In Research Workshop, 
National Centre for Advanced Bio-Protection Technologies, Lincoln University. 
Goettel, M.S., Poprawski, T.J., Vandenberg, J.D., Li, Z., & Roberts, D.W. (1990). Safety to 
non target invertebrates of fungal biocontrol agents. In M. Larid, L.A. Lacey & E.W. 
Davidson (eds.) Safety of Microbial Insecticides, CRC Press, Boca Raton, Florida, pp. 
209-240. 
Goodwin, S. (1979) Changes in the numbers in the parasitoid complex associate with the 
diamondback moth, Plutella xylostella (L.) (Lepidoptera) in Victoria. Australian 
Journal of Zoology, 27,981-989. 
Gotz, P. & Vey, A. (1974.) Humoral encapsulation in Diptera (Insecta): defence reactions of 
Chironomus larvae against fungi. Parasitology, 68, 193-205. 
Graham, F. (1970) Since Silent Spring Houghton-Mifflin, Boston, MA. 
Guei, L.S., Ki, Y.J., Oon, J.L., Yeon, H.C., Lee, S.G., Yoo, J.K., Lee, J.O., & Hwang, C.Y. 
(1995) The biological characteristics and diamondback moth density suppression 
effect of Diadegma semiclausum Helen (Sic.). Journal of Agricultural Science - Crop 
Protection, 37, 329-333. 
GUIT, G. & Wratten, S.D. (2000) Biological control: Measures of Success Kluwer Academic 
Press, Dordrecht. 
20 
Hajek, AE. & Butler, L. (2000). Predicting the host range of entomopathogenic fungi. In P.A 
Follete & J.J. Duan (eds.), Non Target Effects of Biological Control, Kluwer 
Academic Publishers, Dordrecht. pp. 263-276. 
Hamill, RL., Higgens, C.E., Boaz, H.E., & Gorman, M. (1969) The structure of Beauvericin, 
a new depsipeptide antibiotic toxic to Artemia salania. Tetrahedron letters, 49, 4255-
4258. 
Happe, M., Kirchoff, K., Wassenegger- Wittlich, G., & Madel, G. (1988) The biology of the 
parasitic wasp Diadegma semiclausum Hellen (Hym., Ich.) and its host Plutella 
xylostella Curtis (Sic.) (Lep., Ypon.). Entomologie, 6, 1-3. 
Hermann, S., Vey, A, & Butt, T.M. (2000) Are there any risks in using entomopathogenic 
fungi for pest control, with particular reference to the bioactive metabolites of 
Metarhizium, Tolypocladium, and Beauveria species? Bio Control Science and 
Technology, 10,717-735. 
Hodek,1. (1973) Biology ofCoccinellidae The Hague, Junk, Netherlands, Prague. 
Humber, RA (1992) Collection of entomopathogenic fungal cultures. Us. Department of 
Agriculture Research Service ARS 110. 
Ibrahim, Y.B. & Low, W. (1993) Potential of mass production and field efficacy of isolates of 
the entomopathogenic fungi Beauveria bassiana and Paecilomyces fumosoroseus . 
against Plutella xylostella. International Journal of Pest Management, 39, 288-292. 
Inglis, G.D., Goettel, M.S., Butt, T.M., & Strasser, H. (2001). Use ofhyphomycetous fungi 
for managing insect pests. In T.M. Butt, C. Jackson & N. Magan (eds.), Fungi as 
Biocontrol Agents: Progress, Problems and Potential, CABI Publishing, Wallingford, 
U.K., pp. 23-69. 
James, RR & Lighthart, B. (1994) Susceptibility of convergent lady beetle (Coleoptera, 
Coccinellidae) to four entomogenous fungi. Environmental Entomology, 23, 190-192. 
James, RR, Shaffer, B.T., Croft, B., & Lighthart, B. (1995) Field evaluation of Beauveria 
bassiana: its persistence and effects on the pea aphid and a non-target coccinellid in 
alfalfa. Biocontrol Science and Technology, 5, 425-437. 
Jaronski, S.T., Loard, J., Rosinska, J., Bradley, C., Hoelmer, K., Simmons, G., Osterlind, R, 
Brown, C., Staten, R, & Antilla, L. (1998) Effect of a Beauveria bassiana-based 
mycoinsecticide on beneficial insects under field conditions. In Brighton Crop 
Protection Conference: Pests and Diseases, pp. 651-656. 
Kandoria, J.L., Lal, A., & Singh, L. (1994) Biology of diamondback moth, Plutella xylostella 
(L.) on cauliflower. Journal of Insect Science, 7, 76-80. 
Kelsey, lM. (1965) Entomophthora sphaerosperma (Fres) and Plutella maculipennis 
(Curtis) control. New Zealand Entomologist, 3, 47-49. 
Khachatourains, G.G., Valencia, E.P., & Miranpuri, G.S. (2002). Beauveria bassiana and 
other entomopathogenic fungi in the management of insect pests. In K. Opender & 
G.S. Dhaliwal (eds.), Microbial Biopesticides, Taylor and Francis, London and New 
York, pp. 239-276. 
21 
King, E.G. & Bell, J.V. (1978) Interaction between a braconid Microplitis croceipes and 
fungus Nomuraea rileyi in laboratory reared bollworm larvae. Journal of Invertebrate 
Pathology, 31, 337-340. 
Kiselek, E.V. (1975) The effect ofbio preparation on insect enemies. Zashchita Rastenii, 12, 
23. 
Koul, O. & Dhaliwal, G.S. (2003). Microbial Biopesticides: An Introduction. In O. Koul & 
G.S. Dhaliwal (eds.), Microbial Biopesticides Taylor and Fracis, London, pp. 1-12. 
Lacey, L.A, Mesquita, L.M., Mercadier, G., Dibire, R., Kazmer, DJ., & Laclant, F. (1997) 
Acute and sublethal activity of the entomopathogenic fungus Paecilomyces 
fumosoroseus (Deuteromycotina: Hypomycetes) on adult Aphelinus asychis 
(Hymenptera: Aphilinidae). Environmental Entomology, 26, 1452-1460. 
Lim, G.S. (1986) Biological control of diamondback moth. In N.S. Talekar & T.D. Griggs 
(eds.), Diamondback Moth Management. Proceedings of the First International 
Workshop Asian Vegetable Research and Development Centre; Shanhua; Taiwan, 
Tainan, Taiwan, 11-15 March, pp. 159-171. 
Liu, S.S., Chen, F.Z., & Zalucki, M.P. (2002) Development and survival of the diamondback 
moth (Lepidoptera: Plutellidae) at constant and altering temperatures. Environmental 
Entomology, 31, 221-231. 
Ma-Jun, Holdom, D., Duff, l, & Ma, l (1999) Susceptibility of Plutella xylostella larvae to 
12 Australian isolates of the hypomycete fungus Beauveria bassiana,. Journal of 
Munan Agricultural University 25,387-391. 
Masuda, T. (1998) Microbial control of diamondback moth, Plutella xylostella, by 
entomopathogenic fungus, Beauveria bassiana. I. Laboratory studies on pathogenicity 
of Beauveria bassiana and field experiment. Japanese Journal of Applied Entomology 
and Zoology, 42,51-58. 
Mesquita, AL.M. & Lacey, L.A (2001) Interactions among the entomopathogenic fungus, 
Paecilomycesfumosoroseus (Deuteromycotina: Hyphomycetes), the parasitoid, 
Aphelinus asychis (Hymenoptera: Aphelinidae), and their aphid host. Biological 
Control, 22,51-59. 
Mills, N.J. (1981) The mortality and fat content of Adalia bipunctata during hibernation. 
Entomologia Experimentalis et Applicata, 30, 265-268. 
Ooi, P.A.C. (1980) Laboratory studies of Diadegma cerophagus (Hymenoptera: 
Ichneumonidae), a parasite introduced to control Plutella xylostella (Lepidoptera: 
Yponomeutidae) in Malaysia. Entomophaga, 25,249-259. 
Ooi, P.A.C. (1981) Microbial control of the diamondback moth in Cameron Highlands, 
Malaysia. Malaysian Applied Biology, 10, 49-56. 
Pekrul, S. & Grula, E.A. (1979) Mode of infection of the com earworm (Heliothis zea) by 
Beauveria bassiana as revealed by scanning electron microscopy. Journal of 
Invertebrate Pathology, 34, 238-247. 
22 
Pivnick, K.A., Jarvis, B.l, Gillott, c., Slater, G.P., & Underhill, E.W. (1990) Daily patterns 
of reproductive activity and the influence of adult density and exposure to host plants 
on reproduction in the diamondback moth Plutella xylostella (L.) (Lepidoptera, 
Pyralidae). Environmental Entomology, 19, 587-593. 
Powell, W., Wilding, N., Brobyn, P.J., & Clark, S.J. (1986) Interference betweenparasitoids 
(Hymenoptera: Aphididae) and fungi (Entomophthorales) attacking cereal aphids. 
Entomophaga, 31, 293-302. 
Ramlee, M., Ali, A.S.R., & Basri, W.M. (1996) Histopathology of Metisa plana (Lepidoptera: 
Psychidae) infected with Beauveria bassiana (Deuteromycotina: Hyphomycetes). 
Elaeis, 8, 10-19. 
Riethmacher, G.W., Rombach, M.C., & Kranz, J. (1990) Epizootics of Pandora blunkii and 
Zoopthora radicans in diamondback moth population in Philippines. In N.S. Talekar 
& T.D. Griggs (eds.) "Diamondback moth Management". In Proceedings, II Int. 
Workshop, Tainan, Taiwan" pp. 193 - 199, Taiwan. 
Riethmacher, G.W. & Kranz, J. (1994) Development of disease incidence of 
Entomophthoraceae in field populations of Plutella xylostella in the Philippines. 
Zeitschriftfur Pjlanzenkrankheiten und Pjlanzenschutz, 101, 357-367. 
Robertson, P.L. (1939) Diamondback moth investigation in New Zealand. New Zealand 
Journal of Science and Technology, 20, 330-340. 
Rosa, W.D.L., Segura, H.R., Barrera, IF., & Williams, T. (2000) Laboratory evaluation of the 
impact of entomopathogenic fungi on Prorops nasuta (Hymenoptera: Bethylidae), a 
parasitoid ofthe coffee berry borer. Environmental Entomology, 29, 126-131. 
Saikkonen, K, Faeth, S.H., Helander, M., & Sullivan, T.l (1998) Fungal endophytes: a 
continuum of interactions with host plants. Annual Review of Ecology and 
Systematics, 29,319-343. 
Salinas, P.J. (1986) Ecology of the cabbage moth Plutella xylostella (L.) (Lepidoptera, 
Pyralidae) II,. Life cycle. Turrialba (CAB Abstract 1987 0041-4360), 36, 130-134. 
23 
Selman, B.J., Dayer, M.S., & Hassan, M. (1997) Pathogenicity of Beauveria bassiana (Bals.) 
Yuill. to larvae of diamondback moth, Plutella xylostella (L.) (Lepidoptera, 
Yponomeutidae). Journal of Applied Entomology and Zoology, 121,47-49. 
Shah, P.A & Pell, lK (2003) Entomopathogenic fungi as biocontrol agents. Applied 
Microbiology and Biotechnology, 61, 413-423. 
Shl, Z.H., Li, Q.B., & Li, X. (2004) Interspecific competition between Diadegma 
semiclausum Hellen (Hymenoptera: Ichneumonidae) and Cotesia plutellae 
(Kurdjumov) (Hymenoptera: Braconidae) in parasitizing Plutella xylostella (L.) 
(Lepidoptera: Plutellidae). Journal of Applied Entomology, 128,437-444. 
Shimazu, M., Sato, H., & Maehara, N. (2002) Density of the entomopathogenic fungus, 
Beauveria bassiana Vuillemin (Deuteromycotina: Hyphomycetes) in forest air and 
soil. Applied Entomology and Zoology, 37, 19-26. 
Shirai, Y. (1991) Seasonal changes and effects of temperatures on flight ability of the 
diamondback moth, Plutella xylostella (Lepidoptera: Yponomeutidae). Applied 
Entomology and Zoology, 26, 107-115. 
Smith, Rl & Grula, E.A. (1981) Nutritional requirements for conidial germination and 
hyphal growth of Beauveria bassiana. Journal of Invertebrate Pathology, 37, 222-
230. 
St.Leger, Rl, Charnley, AK, & Cooper, RM. (1986a) Cuticle-degrading enzymes of 
entomopathogenic fungi: mechanisms of interaction between pathogen enzymes and 
insect cuticle. Journal of Invertebrate Pathology, 47, 295 - 302. 
St. Leger, Rl, Charnley, A.K, & Cooper, RM. (1986b) Cuticle-degrading enzymes of 
entomopathogenic fungi: synthesis in culture on cuticle. Journal of Invertebrate 
Pathology, 48, 85-95. 
Strasser, H., Vey, A, & Butt, T.M. (2000) Are there any risks in using entomopathogenic 
fungi for pest control, with particular reference to the bioactive metabolites of 
Metarhizium, Tolypocladium, and Beauveria species? Biocontrol Science and 
Technology, 10, 717-735. 
24 
Talekar, N.S. & Yang, J.C. (1991) Characteristics of parasitism of diamondback moth by two 
larval parasites. Entomophaga, 36, 95-104. 
Talekar, N.S. & Shelton, A.M. (1993) Biology, ecology and management of the diamondback 
moth. Annual Review of Entomology, 38, 275-301. 
Thomas, W.P. & Ferguson, A.M. (1989) Plutella xylostella (L.), diamondback moth 
(Lepidoptera: Yponomeutidae). Technical Communications of the Commonwealth 
Institutefor Biological Control" 10, 135-142. 
Thorsteinson, A.J. (1953) The chemo-tactic responses that determine host specificity in an 
oligophagous insect Plutella maculipennis (Curt.): (Lepidoptera, Pyralidae). Canadian 
Journal of Zoology, 31, 52-72. 
Todd, D.H. (1959) Incidence and parasitism of insect pests of cruciferous crops in the North 
Island. Evaluation of data, 1955-58. New Zealand Journal of Agricultural Research, 2, 
613-622. 
Tounou, A.K., Agboka, A., Poehling, H.M., Raupach, K., Langewald, J., Zimmermann, G., & 
Borgemeister, C. (2003) Evaluation of the entomopathogenic fungi Metarhizium 
anisopliae and Paecilomyces fumososroseus (Deuteromycotina: Hyphomycetes) for 
control of the green leafhopper Empoasca decipiens (Homoptera: Cicadellidae) and 
potential side effects on the egg parasitoid Anagrus atomus (Hymenoptera: 
Mymaridae). Biocontrol Science and Technology, 13, 715-728. 
Ullyett, G.C. & Schonken, D.B. (1940) A fungus disease of Plutella maculipennis Curt in 
South Africa, with notes of the use of entomogenous fungi in insect control. Union of 
South Africa, Department of Agriculture and Forestry Science Bulletin Entomol. Ser. 
No.5.,218. 
Van Driesche, R.G. & Bellows, T.S. (1996) Biological Control. (a text for teaching biological 
control) Chapman and Hall, New York. 
Vandenberg, J.D. (1990) Safety of four entomopathogens for caged adult honey bees 
(Hymenoptera: Apidae). Journal of Economic Entomology, 83, 755-759. 
Vandenberg, J.D., Shelton, A.M., Wilsey, W.T., & Ramos, M. (1998) Assessment of 
Beauveria bassiana sprays for control of diamondback moth (Lepidoptera: 
Plutellidae) on crucifers. Journal of Economic Entomology, 91, 624-630. 
Vey, A. & Gotz, P. (1975) Humoral encapsulation in Diptera (Insecta): comparative studies in 
vitro. Parasitology, 70, 77-86. 
25 
Vey, A. & Fargues, J. (1977) Histological and ultrastructural studies of Beauveria bassiana 
infection in Leptinotarsa decemlineata larvae nuring ecdysis. Journal of Invertebrate 
Pathology, 30, 207-215. 
Vey, A., Hoagland, RE., & Butt, T.M. (2001). Toxic metabolites of fungal biocontrol agents. 
In T.M. Butt, C.W. Jackson & N. Magan (eds.), Fungi as Biocontrol Agents, Progress, 
Problems and Potential CABI Publishing, Wallingford, U.K., pp. 311-346. 
Wagner, B.L. & Lewis, L.C. (2000) Colonization of com, Zea mays L., by the endophytic 
fungus Beauveria bassiana (Balsamo) Vuillemin. Environmental Microbiology, 66, 
3468-3473. 
Wan, M.T.K. (1970) The bionomics and the control of the diamondback moth, Plutella 
xylostella L. (Sic.) (Plutella maculipennis, Curt.) (Lepidoptera, Pyralidae) in Sarawak 
(Malaysian Borneo). Sarawak Museum Journal, 18, 377-398. 
Wraight, S.P. & Carruthers, RI. (1998). Production, delivery and use of micro insecticides for 
control of insect pests in field crops. In F.R Hall & lJ. Menn (eds.), Bio pesticides: 
Use and Delivery Totowa, Humana Press, pp. 233-269. 
Yamada, H. & Kawasaki, K. (1983) The effect of temperature and humidity on the 
development, fecundity and multiplication of the diamondback moth, Plutella 
xylostella (L). Japanese Journal of Entomology and Zoology, 27, 17-21. 
Yang, J.C., Chu, Y.I., & Talekar, N.S. (1993) Biological studies on Diadegma semiclausum 
(Hymenoptera: Ichneumonidae), a parasite of diamondback moth. Entomophaga, 38, 
579-586. 
Yang, J.C., Chu, Y.I., Narayan, S., & Talekar, N.S. (1994) Studies on the characteristics of 
parasitism of Plutella xylostella (Lepidoptera: Plutellidae) by a larval parasite 
Diadegma semiclausum (Hymenoptera: Ichneumonidae). Entomophaga, 39,397-406. 
Yoon, C.S., Sung, G.H., Park, H.S., & Lee, lO. (1999) Potential of entomopathogenic 
fungus, Beauveria bassiana strain CS-1 as a biological control agent of Plutella 
xylostella. Journal of Applied Entomology, 123,423-425. 
Zacharuk, RY. (1971) Ultra structural changes tissues of larval Elateridae infected with the 
fungus Metarhizium anisopliae. Canadian Journal of Microbiology, 17,281-289. 
26 
Chapter 2 
The response of Plutella xylostella larvae to exotic and New 
Zealand indigenous isolates of Beauveria bassiana 
2.1 Introduction 
Plutella xylostella has been present in New Zealand since the 1890s and has been considered 
a major pest in cruciferous crops in New Zealand for many years (Robertson, 1939). Control 
of this pest has traditionally relied upon regular application of insecticides from planting to 
harvest, but this has led to significant problems with insecticide resistance (Walker et al., 
2001). Recently, an integrated pest management programme has been developed and 
implemented for vegetable brassicas that is based on crop scouting and action thresholds to 
determine the need for insecticide applications (Berry, 2000). The integrated use of B. 
bassiana with chemical insecticides could improve resistance management strategies and 
minimise environmental side effects caused by synthetic insecticides (Shah & Pell, 2003). In 
USA where brassica crops may be sprayed with synthetic insecticides between five and nine 
times in a growing season, the replacement of early season sprays with B. bassiana to control 
beetle and caterpillar pests can be effective and economical and can also be integrated with 
Bacillus thuringiensis Berliner (Shelton et al., 1998). 
Studies from various parts of the world have used B. bassiana to manage P. xylostella larvae. 
Evaluation of the efficacy and persistence of B. bassiana (Mycotrol wettable powder at the 
rate of 2.5 and 5xlO13 conidia hectare) for control of P. xylostella in the field, revealed that P. 
xylostella infestations could be kept below the economic damage level when applied to 
younger larvae (Shelton et al., 1998; Vandenberg et al., 1998). Several other workers studied 
the possibility of using B. bassiana for control of P. xylostella under controlled environmental 
conditions and reported that B. bassiana is able to reduce P. xylostella larval populations. 
Countries in which research on this microbial control system has been carried out include 
Malaysia (Ibrahim & Low, 1993), England (Selman et al., 1997), USA (Vandenberg et al., 
1998) Japan (Masuda, 1998), China (Ma-Jun et al., 1999), North Korea (Yoon et al., 1999) 
and Costa Rica (Acuna & Carballo, 2000). 
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Beauveria bassiana strains have been isolated from several insect species and from soil in 
various parts of New Zealand and these isolates are genetically different from B. bassiana 
strains found in other countries (Glare & Inwood, 1998). No strains have been isolated from 
P. xylostella in New Zealand and available isolates in the AgResearch· collection had not 
been screened against P. xylostella previously. Hence the objective of this investigation was 
to screen available B. bassiana isolates together with the isolates known to be active against 
P. xylostella larvae imported from USA in order to select strains of B. bassiana virulent to a 
local population of P. xylostella. 
2.2 Materials and methods 
For the experiments, P. xylostella larvae and parasitoids were obtained from laboratory 
cultures maintained in controlled environment rooms at Lincoln University. The pathogens 
were maintained in the laboratory at AgResearch. 
2.2.1 Rearing Plutella xylostella larvae 
Plutella xylostella larvae were reared on cabbage Brassica oleracea (L.) variety capitata, 
cultivar Derby Day, grown in 10 cm diameter plastic pots filled with nursery potting mix. 
Cabbage plants with 6 - 8 leaves were kept in cages (56x56x56 cm) with on aluminum tray 
and covered with insect-proof nets. Four cages each contained nine plants were used for 
rearing P. xylostella larvae. Adult moths collected from the Horticultural Research Unit, 
Lincoln University were introduced to the cages. They were provided with honey solution 
(1 : 1 0 honey: water) as a food source. These cages were maintained in a controlled 
environment room at 20 ± 2°C and 16:8 L:D photoperiod. After three days, when the adults 
had laid eggs they were removed from the cages and emerging larvae were then maintained in 
• AgResearch Limited, Canterbury Agriculture and Science Centre, Gerald Street, PO Box 60, Lincoln, New 
Zealand. 
28 
the same cages. Larvae were obtained from these cages for the experiments when required. A 
group oflarvae (about 50) was allowed to pupate and emerge as adults then were introduced 
to new cabbage plants to continue the next generation. This process was repeated for the 
entire experimental period to ensure sufficient larvae were available. 
2.2.2 Rearing Diadegma semiclausum 
Diadegma semiclausum adults were collected from the Biological Husbandry Unit* , Lincoln 
University. The adults were reared in a transparent plastic rearing cage (20 cm high x 22 cm 
diameter) under controlled environment conditions at 20 ± 2°C and 16:8 L:D photoperiod and 
provided with honey solution (1: 10 honey: water) as a food source. About 100 P. xylostella 
larvae of mixed instars (2nd, 3rd, and 4th) from the laboratory colony were introduced to 
transparent boxes (22x12x8 cm) and provided with a piece of cabbage leaf as food. Five to six 
mated female parasitoids were introduced to those cages and allowed to parasitise larvae for 
three hours. After three hours, the parasitoids were transferred back to the original cage. This 
was repeated six to eight times until the females died. After pupation, parasitoid pupae were 
transferred to vials (4.5 cm high x 6 cm diameter). After emergence, parasitoids were 
transferred to transparent plastic rearing cages (20 cm high x 22 cm diameter). They were 
provided with 10% honey solution as a food source. These parasitoids were used as the initial 
stock and the parasitisation process was repeated for the entire experimental period to ensure 
sufficient parasitoids were available. 
2.2.3 Culturing Beauveria bassiana 
Beauveria bassiana isolates were stored frozen at -80°C in 10% glycerol as a cryoprotectant. 
For the experiments, isolates were removed from storage and sub-cultured and maintained on 
potato dextrose agar (PDA) (Gibco BRL) at 25°C and in darkness. Sub-culturing was done 
from the frozen cultures for each set of experiments. All culturing was carried out aseptically 
in a Class 2 Biohazard Cabinet to prevent cross contamination. 
* The Biological Husbandry Unit is a 10 ha organic horticulture unit that has been maintained free of synthetic 
agrichemicals for more than 25 years. A variety of vegetables and tree fruit crops is grown for local supply. 
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Table 2.1 Origin of Beauveria bassiana isolates evaluated for virulence against Plutella 
xylostella larvae. 
Isolate 
F130 
F226 
Origin 
Soil baiting using Galleria mellonella (L.) (Lepidoptera: Pyralidae), July 
1993, pasture at Fieten Farm, Te Aroha, Waikato, New Zealand. 
Vespula germanica (Fab.) (Hymenoptera:Vespidae), November 1995, 
Matamata, New Zealand. 
F265 Isolated from soil, April 1997, West Coast, South Island, New Zealand. 
ARSEF 2729 Plutella xylostella (L.) (Lepidoptera: Plutellidae), March 1989, La Trinidad 
Benguet, Philippines. 
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ARSEF 3286 Spodoptera litura Fab. (Lepidoptera: Noctuidae), 1987, Montpellier, France. 
ARSEF 3288 Spodopterafrugiperda (J.E. Smith) (Lepidoptera: Noctuidae), 1988, Colima, 
Mexico. 
ARSEF 3404 Lymantria dispar (L.) (Lepidoptera: Lymantriidae), January 1991, C & 0 
Canal, Allegany County, Virginia, USA. 
ARSEF 4528 Plutella xylostella (L.) (Lepidoptera: Plutellidae), August 1993, Ontario 
County, New York, USA. 
ARSEF 4543 Plutella xylostella (L.) (Lepidoptera: Plutellidae), April 1994, USA ASDA 
ARS PPRU Ithaca, New York, USA. (single spore isolate of ARSEF 4534). 
Plutella xylostella larvae, D. semiclausum and B. bassiana were obtained from these cultures 
for all experiments reported in this thesis. 
Test of pathogenicity and virulence to P. xylostella larvae 
Nine B. bassiana isolates with different origins (Table 2.1) were selected for screening against 
P. xylostella larvae under laboratory conditions. Six isolates (ARSEF 2729,3286,3288,3404, 
4528, and 4543), which were known to be pathogenic for P. xylostella larvae, were obtained 
from the USA (USDA-ARS Ithaca, New York). The other three isolates were obtained from 
the culture collection at AgResearch. 
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Conidia were scraped from the surface of 14 - 21 day old cultures, suspended in 0.01 % Triton 
X-100 (octyl phenol ethoxylate, polyoxyethylene octyl phenyl ether) by mixing on a vortexer 
(Velp Scientifica, Usmate MI, Italy) for one minute (30 Hz) and filtered after mixing to 
remove hyphal bodies; 1 f.!l of this suspension was diluted in 100 ml of 0.01 % Triton X-I 00 
surfactant. Conidia concentrations were estimated using a haemocytometer and, for the 
experiments, suspensions were adjusted to a concentration of2x108 conidia per ml, using 
additional 0.01 % Triton X-100. Conidia concentrations were based on recommendations 
given by Mychotech, i.e., 5.2x1013 conidia per hectare (260 I per ha at the concentration of 
2x108 conidia per ml). Initial experiments were carried out to define the dose ranges to which 
the host was susceptible and the initial experimental concentrations selected were based on 
the LCso value, 5.23x106 conidia per ml, for the B. bassiana isolate USDA2729 (Furlong & 
Pell, 2001). Groups of20 second and third instar larvae (2.5 - 4.0 mm long) were maintained 
in glass Petri dishes (90 mm) and 100 III of fungal suspension (2x108 conidia per ml) were 
applied by "Paasche" single-action air brush using a randomized block design with four 
replicates for each isolate in a spray tower. The larvae were treated with suspension media 
(0.01 % Triton X-I 00) only in each assay as controls. Immediately after application of the 
conidia, larvae were transferred to new Petri dishes and provided with a piece of cabbage leaf 
as food after which the dishes were sealed with Parafilm ® (Laboratory film, American Can 
Company, Greenwich, CT 06830). The Petri dishes were maintained in an incubator (20 ± 
1°C and 16:8 L:D) until all larvae died or pupated. Larvae were observed daily and dead 
larvae were removed from the Petri dishes, placed on a glass microscope slide and transferred 
to other Petri dishes lined with moistened filter paper. The dishes with dead larvae were 
incubated at 20 ± 1°C and 16:8 L:D and were observed daily and sporulation were recorded. 
Sporulating cadavers were recorded as positive infected insects. Larvae that did not show any 
movement when touched by a thin wooden probe were considered dead and mortality after 
seven days (because all larvae were killed or had pupated by this time) was used for 
estimation ofLTso values (lethal time; the time after which cause 50% mortality) of the 
isolates. 
To estimate LCso values (lethal concentration; that is expected to cause 50% mortality), 
ARSEF 2729 and New Zealand isolates F226 and F265 were selected. ARSEF 2729 was 
selected because it had been originally isolated from P. xylostella larvae and was highly 
virulent to the pest (Furlong and Pell, 2001). The New Zealand isolates F226 and F 265 were 
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selected because F226 showed the smallest LT50 value (3.62 days) among all the isolates and 
F265 showed a moderately higher LT50 (5.04 days) value. Different concentrations offungal 
conidia (0, 1x106, 1xl07, 1x108 and 5x108 for F 226; 0, 1x106, 1x107, 1x108 and lxl09 for 
F265 and ARSEF 2729) were applied to groups of 20 second and third instar larvae in Petri 
dishes with three replicates of each concentration, and were maintained as in the previous 
experiment. Larvae were observed daily and dead larvae were removed, and sporulation was 
recorded as described previously. For each isolate, mortality after six days was used for 
estimation of LC50 values. 
2.3 Analysis of data 
The number of dead larvae with sporulation after seven days was analyzed using regression 
analysis in software package PoloPlus Version 1.0 (LeOra Software 2002-2004). LT50 values 
for all isolates and LC50 values for isolates F226, F265 and ARSEF 2729 were estimated. 
Regression analysis was perfonned with 10glO concentrations of conidia and pro bit values of 
the corrected percent mortality. Abbott's fonnula (Abbott, 1925) was applied to correct 
percent mortality to account for 'control group' mortality. Mortality data were transfonned 
using an arcsine transfonnation before analysis. The percentage of dead larvae and dead 
larvae with sporulation (mycosis) was analysed by ANOVA using the statistical software 
package SAS (SAS 6.12) to compare the isolates for each experiment. 
2.4 Results 
2.4.1 Virulence of Beauveria bassiana against P. xylostella larvae 
All B. bassiana isolates caused significantly greater (F = 4.24, df= 17, p < 0.005) percentage 
mortality of P. xylostella larvae, under controlled environmental conditions compared with 
the control (15.9 ± 2.1) (Table 2.2). There was no significant differences (p> 0.05) in 
mortality among USA isolates (ARSEF isolates) and New Zealand isolates but ARSEF 3288, 
3286,2729 and F226 showed greater percentage mortality (> 95%) than other isolates. 
Significantly greater percentage of sporulation (F = 9.26, df= 16, p < 0.001) was observed for 
isolate ARSEF 2729 than ARSEF 4543 and ARSEF 4528. Even though the USA isolate 3288 
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. showed> 98.3% mortality of P. xylostella larvae only 72.4 ± 1.9% oflarvae sporulated 
exhibiting mycosis. 
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Table 2.2 Mortality of Plutella xylostella larvae seven days after exposure to different isolates 
of Beauveria bassiana at 20 ± 2°C and 60% RH. 
Strain/isolate Mean % cumulative Mean % cumulative mortality with 
mortality ± SE * sporulations ± SE * 
ARSEF 3288 98.33 ± 1.21a 72.48 ± 1.90ab 
ARSEF 2729 97.78 ± 2.22a 93.97 ± 3.90a 
F226 97.22 ± 2.78a 75.00 ± 3.61ab 
ARSEF 3286 95.94 ± 3.494a 64.34 ± 8.82ab 
ARSEF 4528 91.48 ± 2.42ab 55.54 ± 13.50b 
F 130 89.17 ± 5.53ab 80.26 ± 3.89ab 
ARSEF 3404 81.42 ± 5.10ab 64.90 ± 3.89ab 
F 265 73.29 ± 12.06ab 56.83 ± 9.75b 
ARSEF4543 72.50 ± 6.12b 52.14 ± 9.80b 
Control- water and 0.01 % 15.96 ± 2.18c O.Oc 
Triton X-100 
*Treatments with the same letter are not significantly different p > 0.05. (t Tests for LSD) 
2.4.2 Estimation of L T 50 
Estimated LTso values for isolates ranged from 3.6 to 5.0 days. The smallest LTso values were 
recorded for the New Zealand strain F226 (3.6 days) followed by ARSEF 3404 (4.0 days). 
Large LTso values were recorded for ARSEF4543, ARSEF4528, and F265 (Table 2.3 and 
Figure 2.1). Rapid larval mortality was observed with ARSEF 2729 four days after 
inoculation (slope = 12.8) whereas F226 showed low but continuous mortality (slope = 5.7) 
(Table 2.3). 
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Table 2.3 L T so values for Plutella xylostella larvae seven days after exposure to different 
isolates of Beauveria bassiana at the concentration of 2x 1 08 conidia per ml at 20 ± 2°C and 
60%RH. 
Strain/isolate LTsovalue 95%CI Slope SE 'l anddf 
(days) 
ARSEF2729 4.90 4.57-5.22 12.86 1.38 6.98,5 
ARSEF 3288 4.86 4.60 - 5.12 7.93 0.82 1.08,5 
ARSEF4543 5.04 4.44 - 5.87 4.94 0.58 7.60,5 
ARSEF 3286 4.86 4.58 - 5.18 5.38 0.51 4.65,5 
ARSEF 3404 4.01 3.52 -4.52 5.19 0.56 6.30,5 
ARSEF 4528 5.09 4.45 - 6.04 3.72 0.64 0.45,5 
F 130 4.22 3.96 - 4.47 8.50 0.92 2.73,5 
F226 3.62 3.11-4.11 5.70 0.57 8.46, 5 
F 265 5.04 4.61 - 5.58 4.54 0.57 4.30,5 
2.4.3. Estimation of LCso value 
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The increasing conidia concentration significantly increased (p < 0.005, F = 8.55) larval 
mortality (Table 2.4). With increased conidia concentrations, a greater propotion of mycosis 
on cadavers was also observed in all isolates (Table 2.4). The smallest LCso value was 
estimated for ARSEF 2729 and the largest LCso value was found for New Zealand isolate F 
265. The LCso value for isolate F265 was 67 times greater than ARSEF 2729 compare to 
isolate F226 which had an LCso value 10 times larger than ARSEF 2729 (Table 2.5). 
Regressions of corrected probit mortality against log conidia concentrations of ARSEF 2729, 
F226 and F265 were Y = 0.2542X + 3.5477 (r2 = 0.9185), Y = 0.4542X + 2.0275 (~= 
0.9491) and y = 0.5312x + 0.9719 (~= 0.9559), respectively (Figure 2.2). ARSEF 2729 
showed steep slope (0.752 ± 0.164) and high range (:::::: 100) of95% confidence interval 
(1.45xlOs to 1.68xlO\ whereas F226 and F265 showed shallow slopes (0.491 ± 0.098 and 
0.541 ± 0.103) with low ranges (:::::: 10) of95% confidence intervals (1.43x106 to 1.84xl07 and 
1.35x107 to 1.18xl08). 
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Table 2.4 The relationship between conidia concentration of Beauveria bassiana, mortality of Plutella xylostella larvae and proportion of 
cadavers exhibiting mycosis after exposure to different isolates of Beauveria bassiana at 20 ± 2°C and 60% RH. 
F226 F265 ARSEF2729 
Concentration, Percentage Percentage Percentage Percentage Percentage Percentage 
No. of conidia mortality ± SE mYCOSIS mortality ± mYCOSIS mortality± mycosis 
perml after six days ±SE SE after six ±SE SE after six ±SE 
days days 
0 9.0 ± 1.37d Ob 8.68 ± 3.84c Oc 11.75 ± 4.00c Oc 
1x106 42.80 ± 7.56c 5.17 ± 4.89 b 30.39 ± 3.75b 15.37 ± 4.26b 60.00 ± 6.51b 50.66 ± 6.54b 
1x107 52.22 ± 7.42bc 3.03 ± 1.74b 37.28 ± 4.26b 23.85 ± 3.87b 83.76 ± 8.09 b 55.66± 5.78b 
1x108 77.38 ± 7.63ab 28.25 ± 4.46ab 62.43 ± 7.62b 53.97 ± 6.41b 100 ±O.Oa 85.33 ± 7.96a 
5x108 82.81 ± 8.02a 53.13 ± 13.89a 
1x109 87.22 ± 8.98a 73.14 ± 7.52a 100 ± O.Oa 94.33 ± 5.34a 
LSD 27.69 34.52 27.27 27.27 22.6 22.6 
*Treatments with the same letter are not significantly different, p > 0.05 
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Table 2.5 LCso and LC90 values of Beauveria bassiana isolates against Plutella xylostella larvae six days after application of fungus 
at 20 ± 1°C. 
Isolate LCso conidia per ml Limits (95%) LC90 conidia per ml Limits (95%) Slope X2, df 
F226 6.75x106 1.43x106 to 1.84x107 2.76x109 5.98x108 to 3.13x 1010 0.491 ± 0.098 1.47,2 
F265 4.32x107 1.35x107 to 1.18x108 1.01xlOl0 2.05x109 to 2.43xlO11 0.541 ± 0.103 1.58,2 
ARSEF2729 6.45xlOs 1.45x10s to 1.68x107 3.77x107 1.48x107 to 2.50x108 0.752 ± 0.164 1.09,2 
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Figure 2.2 Regression mortality of Plutella xylostella larvae against log conidia concentration 
of Beauveria bassiana isolates ARSEF2729, F226 and F265 after six days. 
2.5 Discussion 
Virulence of Beauveria bassiana to P. xyiosteiia larvae 
All B. bassiana isolates tested were pathogenic to P. xylostella larvae. Isolate ARSEF 2729 
caused the greatest mortality and ARSEF 4528 caused the smallest mortality with mycosis at 
2xl08 conidia per ml. New Zealand isolate F226 showed highest cumulative mortality 
(mortality of larvae irrespective of presence of sporulation on cadavers) of 97.2 ± 2.7% 
followed by ARSEF isolates 3288 (98.3 ± 1.6%) and 2729 (97.7 ± 2.2%). Even though there 
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was a significant difference between ARSEF 2729 and ARSEF 4543 in mortality of P . 
xylostella larvae with mycosis, no significant difference was observed among those isolates in 
cumulative mortality (Table 2.2). This suggested that mortalities may not have been entirely 
attributed to mycosis on P. xylostella larvae and toxicity may have caused the mortality of the 
larvae. Beauveria bassiana produces a wide variety of toxic compounds (Roberts, 1981; Vey 
et al., 2001) and studies have suggested that different strains of the same fungal pathogen may 
have different parasitic strategies, and can produce a given type of toxin at very different 
levels (Kershaw et al., 1999; Puterka, 1999). ARSEF 4528 was originally isolated from P . 
xylostella larvae and ARSEF 2729 have been used widely in biological control 
programmes. These results do not support the hypothesis that there are strain-specific 
differences in virulence of B. bassiana towards this insect species, particularly since the New 
Zealand isolates were from insects other than P. xylostella or collected from soil. 
Estimation of LCso value 
The estimated LC50 value of ARSEF 2729 (6.45x105 conidia per ml) is close to the LC50 value 
of USA 2729 (ARSEF2729), 5.23x106 conidia per ml, estimated by Furlong and Pell (2001) 
and also the LC50 value of strain CS-1, 4.3x106 conidia per ml, estimated by Yoon et al. 
(1999) hand sprayer for P. xylostella. New Zealand isolate F226 gave a slightly larger LC50 
value (6.75x106 conidia per ml) than ARSEF 2729. One of the reasons of these differences of 
LC50 values may be due to the application method followed by them. Furlong and Pell (2001) 
used leaf dip bioassay whereas Y oon et al. (1999) have used a hand sprayer for the 
application of fungal conidia to P. xylostella larvae. Little information is available on the LCso 
or LT50 values for B. bassiana on P. xylostella but similar studies have been carried out on 
other Lepidoptera. These LC50 values range from 1.49 x105 conidia per ml at 20°C for larvae 
of banded sunflower moth, Cochylis hospes L. (Lepidoptera: Cochylidae) (Barker, 1999) to 
1.17x1 07 conidia per ml on giant borer of sugarcane, Castnia licus (Drury) (Lepidoptera: 
Castniidae) (Figueiredo et al., 2002). Closer LC50 values (1.4x106) were reported by 
Sakchoowong & Hutacharem (2002) for teak defoliator, Hyblaea puera (Cramer) 
(Lepidoptera: Hyblaeidae), and by Prasad et al. (1989) for Spodoptera litura (F.) 
(Lepidoptera: Noctuidae) (1.99x106). LT50 values of the B. bassiana isolates tested ranged 
from 3.54 to 5.15 days. These values are much larger than the value estimated by Y oon et al. 
(1999) for P. xylostella larvae under laboratory conditions (1.63 days) but close to the value 
they obtained under net house conditions (3.61days) larvae at a conidia concentration of 
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lxl08 conidia per ml of B. bassiana strain CS-l. This may be due to the application rate of 50 
ml of conidia concentration per 100 larvae (5xl07 conidia per larvae) that caused high 
moisture content whereas in this study 0.1 ml of conidia concentration to 20 larvae. 
Variations of L T 50 values among isolates of B. bassiana have been recorded in Agriopis 
bajaria Denis & SchiffermUller; they ranged from 4.08 - 5.04, 7.38 - 8.44 and 9.02 - 10.45 
days (Draganova & Lecheva, 2002). The proportion of cadavers sporulating showed a 
positive correlation with the conidia concentration. This indicates that the number of conidia 
applied to the insect positively affects both mortality and mycosis of the larvae. A similar 
trend was observed by Quintela & McCoy (1998) in larvae of Diaprepes abbreviatus (L.) in 
soil when they were exposed to different concentrations of B. bassiana conidia (5xI03, 5xI04 
and 5xI05), They found no mycosis on larvae below 5xI 05 conidia per gram of soil. Inglis et 
al. (1999) showed that both B. bassiana and M anisopliae var. acridum proliferated in the 
haemocoel of inoculated grasshoppers, and that the size of fungal population within the 
haemocoel was significantly correlated with mortality. 
2.6 Conclusions 
This study showed that many of B. bassiana strains are effective against P. xylostella larvae. 
New Zealand isolates of B. bassiana may be as effective as USA B. bassiana isolates used for 
P. xylostella control even though no strain tested in this study had been isolated from P. 
xylostella larvae in New Zealand. The other important fact is that the New Zealand isolate 
F226 gave the smallest L T 50 value indicating relatively rapid action against P. xylostella 
larvae at 2xI08 conidia per ml concentration. This strongly suggests that a New Zealand 
isolate of B. bassiana may be a suitable candidate for integrated pest management of P. 
xylostella. 
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Chapter 3 
Characterization of the behavioural response of Diadegma 
semiclausum to Beauveria bassiana-infected and uninfected 
Plutella xylostella larvae 
3.1 Introduction 
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Parasitoids generally detect their host by chemical cues (Kuhlmann, 1995; Hu et ai., 1999; 
Romani et ai., 2002), host movement (Lopez & Ferro, 1995; Dippel & Hilker, 1998; Howard 
et ai., 1998) and direct reaction to the presence or absence of toxins in a host's body (Romani 
et ai., 2002). Diadegma semiclausum is able to use cues such as semiochemicals and plant 
damage to locate the host (Shiojiri et ai., 1986; Wang & Keller, 2002). On arrival at a 
potential host habitat, the parasitoid detected to feeding damage and host frass by palpating 
the leaves with their antennae. Diadegma semiclausum detects hosts visually in the immediate 
vicinity of the host. However, antennal searching seems to be a response to contact 
kairomone* which thus reduce the potential search area. After visual detection of the host, D. 
semiclausum attacks the host and flies immediately away from the attack site (Wang and 
Keller, 2002). 
There are several reports that parasitoids are repelled by or have developed the ability to 
detect and then avoid hosts infected by entomopathogenic fungi. Akalach et ai. (1992) 
investigated the number of oviposition attempts made by the parasitoid Gyranusoidea tebygi 
Noyes on the mealybug Rastrococcus invadens Williams infected with the pathogen 
Hirsutella cryptosclerotium (Fern.) and reported that more oviposition attempts occurred on 
uninfected mealy bugs than infected mealybugs but that the number of parasitoid eggs found 
during dissection of the mealybugs was similar between the two groups. A behavioural study 
* A chemical emitted by one species which has an effect on an individual of another species. 
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involving two aphid species, pea aphid Acythosiphon pisum Harris, and nettle aphid, 
Microlophium carnosum Buckton, and the fungalpathogen, Pandora neoaphidis, and its 
interaction with the parasitoid Aphidius ervi (Haliday), showed reduced attack rate by the 
parasitoid on recently-infected (one day after infection) aphid colonies compared with the 
controls (uninfected aphids) with intermediate attack rates on three-day-old infected colonies 
(Pope et al., 2002). The oviposition behaviour of the hymenopteran parasitoid Aphidius 
rhopalosiphi (De Stefani-Perez) on Metopolophium dirhodum (Walker) nymphs at successive 
stages of infection with the aphid pathogenic fungus P. neoaphidis was compared with that on 
uninfected hosts by Brobyn et al. (1988). They found the frequencies at which the parasitoids 
attacked the living aphids differed significantly between stages of fungus development; lower 
frequency of attack by the parasitoid A. rhopalosiphi was observed on aphids M dirhodum 
infected with E. neoaphidis three days previously (that is, 24 hours before host death) than on 
uninfected aphids. Fransen & van Lenteren (1993) found the parasitoid Encarsiaformosa 
Gahan adopted the oviposition posture on third and fourth instar larvae of Trialeurodes 
vaporariorum (Westwood) which had been treated with a spore suspension Aschersonia 
aleyrodis Webber as well as untreated larvae. However, significantly more hosts were 
parasitised by E. formosa in the control treatments than in the fungal treatments. In contrast, 
Mesquita & Lacey (2001) reported the average number of the aphid Diuraphis noxia 
(Mordvilko) probed by the parasitoid Aphelinus asychis Walker was not significantly 
influenced by host infection with P aecilomyces fumosoroseus (Wize) but the duration of 
probing the hosts and the number of mummies produced 72 hours after infection was 
significantly lower than in uninfected hosts. When the egg parasitoid Anagrus atomus (L.) of 
green leafhopper Empoasca decipiens Paoli, was given the choice between the fungus, P. 
fumosoroseus-treated at the rate of 1 x 107 conidia per ml and untreated plants, a distinct 
reduction in the rate of parasitism was observed on hosts treated with pathogens compared 
with the control (Tounou et al., 2003). In contrast, no significant difference was observed in 
oviposition attempts by D. semiclausum and Cotesia plutellae on Zoophthora radicans-
infected P. xylostella larvae (Furlong & Pell, 2000). The parasitoid E. formosa refrained from 
ovipositing on Lecanicillium longisporum infected Bemisia tabaci (Gennadius) once it 
detected signs of infection, such as floccose consistency of the haemolymph due to a fungal 
toxin (Jazzar & Hammad, 2004). 
These records provide evidence that some parasitoids' have the ability to recognise fungus-
infected hosts from uninfected hosts at some stage of infection and that they avoid oviposition 
45 
in infected hosts. However, no information is available about the parasitoid-pathogen-host 
combination investigated in this study. The aim of the research presented in this chapter was 
to determine the ability of D. semiclausum to discriminate between B. bassiana-infected and 
healthy P. xylostella larvae. A novel method, a bacterial marker (Serratia marcescens Bizio), 
was used to determine the ability of parasitoids to discriminate between infected and 
uninfected hosts in oviposition attempts and this method was compared with the results 
obtained from the video records of the experiments carried out to observe the behavioural 
responses of parasitoids on infected and uninfected hosts. S. marcescens has been used to 
demonstrate that Microctonus hyperrodae Loan can cause premature mortality in Listronotus 
maculicollis (Dietz) by transmission of bacteria in to the haemolymph during oviposition 
(Jackson and McNeill, 1998). S. marcescens produce the pigment prodigiosin, giving cultures 
a distinctive red colouration and provide a rapid indicator of the presence of the bacterium 
(Bennet & Bentley, 2000). Investigation of the parasitoid's behaviour on B. bassiana-infected 
and uninfected P. xylostella larvae was also an objective of this study. 
3.2 Ability of Diadegma semiclausum to transfer bacteria to Plutella xylostella larvae 
through oviposition attempts. 
Objective: To determine the ability of D. semiclausum to transfer bacteria into P. xylostella 
larvae. 
3.2.1 Materials and methods 
The technique described by Jackson & McNeill (1998) for parasitoid Microctonus hyperdae 
Loan and Argentine stem weevil Listronotus bonariensis (Kuschel) was used to confirm 
ovipositor penetration by parasitoids. The bacterium Serratia marcescens (AgRB363) was 
obtained from the AgResearch entomopathogen culture collection at Lincoln. Bacteria were 
cultured by incubation overnight in a nutrient broth (Oxoid) at 30°C and then mixed with 
phosphate buffer solution (Appendix 2). 
Experiments were conducted to determine the effect of surface contamination by bacteria on 
P. xylostella larvae and the ability of adult parasitoids to transfer bacteria to larvae. 
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Therefore the treatments were: 
1- parasitoids treated with bacteria, 
2- parasitoids treated with buffer, 
3- P. xylostella larvae on bacteria-treated filter paper, 
4 - untreated parasitoids. 
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Four mated female parasitoids were introduced to a Petri dish lined with filter paper saturated 
with bacterial suspension and were allowed to walk on the filter paper for about five minutes. 
The parasitoids were then transferred to Petri dishes containing 20 second and third instar P . 
xylostella larvae and a piece of cabbage leaf. Another four female parasitoids was introduced 
to a Petri dish lined with filter paper saturated with phosphate buffer solution and those 
females were then introduced to Petri dishes individually, each containing batches of20 P. 
xylostella larvae for five minutes. Four groups of 20 P. xylostella larvae were introduced to a 
Petri dish lined with a bacteria-saturated filter paper. The control group (untreated) 
parasitoids were introduced to 20 P. xylostella larvae in a manner similar to treatment of 
treated parasitoids. Parasitoids were allowed to parasitise for three hours after which they 
were removed. There were three replicates of each treatment and the number of dead larvae 
was recorded 24 hours after exposure to parasitoids. To test for the presence of bacteria in the 
larval body, larvae were surface sterilized for 45 - 60 seconds in 70% alcohol and then kept 
on a filter paper to absorb excess alcohol and air dried for a further two minutes. The larvae 
were then crushed and placed into caprylate thallous agar (CTA) plates, a medium selective 
for Serratia species. This medium was incubated at 20 ± 1°C for two days. The larvae with 
red pigmented colonies around were considered to have received the oviposition attempts. 
Another experiment was carried out to investigate the oviposition attempts of the parasitoids 
on marked and unmarked larvae. Ten larvae were marked with an OHP pen (felt-tip pen, EK 
77, xylene free, fibre tip) and introduced in to a Petri dish with ten unmarked larvae. One 
bacteria-treated parasitoid was then introduced to the Petri dish and allowed to parasitise for 
three hours. Dead larvae with red pigmented colonies around then were considered to have 
received oviposition attempts as in previous experiment. This experiment was replicated five 
times. 
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3.2.2 Analysis of data 
To compare the number of oviposition attempts by parasitoids on P. xylostella larvae Chi-
square analysis was carried out on the number of dead larvae with red pigments in each 
treatment group. 
3.2.3 Results 
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No P. xylostella larva was in the CTA media (Table 3.1). Also there was no difference (t = 
0.81, df= 8, p > 0.05) in dead larvae with red colour in marked (5.0 ± 1.0) and unmarked 
larvae (4.6 ± 1.2) from the second experiment. These preliminary experiments showed that 
the parasitoids could transfer bacteria to a proportion of P. xylostella larvae and that there was 
no effect of surface contamination of bacteria on larval mortality and no difference in 
oviposition attempts made by the parasitoids on marked and unmarked larvae. 
Table 3.1 Mortality of P. xylostella larvae 24 hours after introduction of Serattia marcescens 
treated Diadegma semiclausum. 
Treatments Number of larvae in Total no. oflarvae Mean No. oflarvae 
treatment dead with red pigment 
Parasitoid treated with 60 17 5.66 ± 0.5 
bacteria 
Parasitoid treated with 60 2 0 
buffer 
Larvae treated with 60 0 0 
bacteria 
Parasitoid untreated 60 1 0 
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3.3 (a) Ability of Diadegma semiclausum to discriminate between Beauveria bassiana 
infected and healthy Plutella xylostella larvae - Choice test (using a bacterial marker to 
identify oviposition attempts) 
Objective: To investigate the ability of D. semiclausum to discriminate between infected and 
uninfected P. xylostella larvae. 
3.3.1 Materials and methods 
Host larvae with different stages of fungal infection were used to study the ability of 
parasitoids to discriminate between infected and uninfected hosts. Batches of 50 second and 
third instar P. xylostella larvae were placed in Petri dishes and treated with 100 III of B. 
bassiana (isolate F226) conidia suspension (2x108 conidia per ml) using a Paasche single 
action airbrush. Treated larvae were transferred to clean Petri dishes and provided with a 
piece of cabbage leaf for food. For the control treatment, batches of 50 larvae were treated 
with 100 III of 0.01 % Triton X-100. These larvae were reared under controlled environment 
conditions of 20°C and 16:8 L:D photoperiod. The Petri dishes and cabbage leaves were 
changed to avoid condensation when necessary and dead larvae also were removed. Larvae 
with different stages of fungal infections were obtained from these cultures for the 
experiment. Single, 3 - 5 days old, mated D. semiclausum female was introduced to P. 
xylostella larvae. All parasitoids were contaminated with bacterium S. marcescens 
(AgRB363) as described previously. Treatment times were: 
• one hour after spraying with fungus; 
• one day after spraying with fungus; 
• three days after spraying with fungus; 
• five days after spraying with fungus. 
On each occasion, a water only control group was also established. For the treatment five days 
after infection, infected larvae that showed discolouration were selected. The colours of the 
larvae were categorized using the Royal Horticultural Society Colour Chart (Anon 1966). 
,.-..... :. ~ .... -. ~ _. :., 
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Infected larvae matched the colours 145 A and 145 B; uninfected larvae matched the colours 
142 A and 142 B. 
Parasitoids were introduced to infected and uninfected larvae of the same age and allowed to 
choose between them. Batches of 20 P. xylostella larvae, 10 infected and 10 uninfected, were 
kept in a plastic Petri dish for each treatment with a piece of cabbage leaf. Fungus-treated 
larvae were marked with an OHP pen (blue, felt-tip pen, EK 77, xylene free, fibre tip) to 
facilitate easy identification of treated larvae. The experiment was repeated marking 
uninfected larvae with the same colour pen to determine if there was any attraction or 
repellent for marked larvae. A single bacteria-treated female parasitoid was then introduced to 
the larvae. Parasitoids were allowed to remain in the cages for three hours and then were 
removed. For the bacteria presence test, larvae were surface-sterilized for 45 - 60 seconds in 
70% alcohol and were placed on filter paper to absorb excess alcohol and air dried for a 
further two minutes. Larvae were then crushed and placed on caprylate thallous agar (eTA) 
plates. This medium was incubated at 20°C for two days. Larvae surrounded by red-
pigmented colonies were considered to have received oviposition attempts. The experiment 
was replicated four times. 
3.3 (b) Ability of Diadegma semiclausum to discriminate between Beauveria bassiana 
infected and healthy Plutella xylostella larvae - No choice test (using a bacterial marker 
(S. marcescens) to identify oviposition attempts) 
The methods followed in this experiment were same as in the previous experiment except 20 
infected and 20 uninfected larvae in separate Petri dishes were offered as oviposition targets. 
A single, 3 - 5 day old bacteria contaminated, mated, female parasitoid was introduced to 
each Petri dish and allowed to parasitise for three hours. Dead larvae were removed 24 hours 
after introduction of the parasitoid. The bacteria presence test was done as in the previous 
experiment. The experiment was replicated four times. 
3.3.2 Analysis of data 
To compare the number of oviposition attempts by parasitoids on infected and uninfected P. 
xylostella larvae Chi-square analysis was carried out on the number of dead larvae with red 
pigments in each treatment group. 
3.3.3 Results 
No choice test 
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Most (> 95%) dead larvae showed the characteristic red colour on the CTA plates (Plates 3.1 
and 3.2) whereas dead larvae in control treatments showed no red colour (Plate 3.3). There 
was no significant difference between the infected and uninfected larvae in the number of 
dead larvae with red-pigmented colonies caused by bacteria in the no-choice test ("I.: = 0.1286, 
F= 0.7199, df= 1) (Table 3.2). 
Choice test 
No significant difference (X2 = 6.04, f= 0.1095, df= 1) between the infected and uninfected 
larvae in the number of dead larvae with red-pigmented colonies caused by bacteria in the 
choice test also. No significant difference was observed among the treatments one hour, one, 
three, and five days after inoculation in both the choice and no-choice tests (Table 3.2). 
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Plate 3.1 Plutella xylostella larvae infected with Serratia marcescens wi th characteristic red 
colour (_ ) and unil1fec ted larvae (green). 
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Plate 3.2 Plutella xylostella larva infected with Serratia marcescens 
Plate 3.3 Plutella xyloslella uninfected larva. 
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Table 3.2 Mortality and number of larvae with red pigments due to infection of Serratia marcescens during oviposition by Diadegma 
semiclausum in Plutella xylostella with different inoculation stages of Beauveria bassiana. 
No-choice test Choice test 
Mortality of infected larvae Mortality of uninfected Mortality of infected larvae Mortality of uninfected 
Treatment - time larvae larvae 
after inoculation % dead larvae % with red % dead % with red % dead % with red % dead % with red 
pigment larvae pigment larvae pigment larvae pigment 
One hour 63.33 100 46.66 100 80.00 100 56.66 100 
One day 41.66 100 66.66 100 56.66 100 56.66 88.23 
Three days 70.00 95.23 63.33 100 53.33 93.75 40.00 66.66 
Five days 70.00 95.23 51.66 100 53.33 81.25 60.00 94.44 
61.12 ± 7.88 97.61±1.37 57.07±4.78 100±0 60.83±6.43 93.75±4.41 53.33±3.56 87.33±7.29 
Vl 
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'3.4 Behavioural response of D. semiclausum to infected and uninfected P. xylostella 
larvae 
Objective: To detennine the behavioural responses of D. semiclausum on B. bassiana 
infected and uninfected P. xyiostella larvae. 
3.4.1 Introduction 
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The preceding experiment indicated that female parasitoids did not discriminate between 
infected and uninfected hosts when ovipositing under these experimental conditions, but little 
was revealed about their specific behavioural responses. It is known that activities such as 
antennating, walking and encounter the host before attack and grooming, flying and resting 
occurred during the oviposition process of D. semiclausum (Wang & Keller, 2002). This 
aspect of parasitoid-host interactions and possible influences by pathogens has previously 
received little attention. 
Most studies investigating the behavioural responses of parasitoids on infected and uninfected 
hosts have used visual observations for a certain period (Legaspi, 1986; Shiojiri et ai., 1986). 
However, these methods are vulnerable to human error and bias during observations and the 
reliability of these data depends on the ability of an individual to record data correctly. 
Therefore, to detennine the behavioural responses of parasitoids to infected and uninfected P. 
xyiostella larvae, video recording was done under controlled environment conditions. 
3.4.2 Materials and methods 
The video technique described by Varley et ai. (1994) was carried out under constant 
temperature (20 ± 2°C) and fluorescent light 2.5 metre above the arena. Transparent cylinder 
arenas were made from acetate sheets and the size of the arena was 9 cm diameter and 21 cm 
high. A plastic Petri dish was placed at the bottom of the arena and top of the arena was 
covered with a Petri dish lid. A digital video camera (NC 700, auto focus, 16 X optical 
zoom, f= 2.7~43.2 mm, 37 0), mounted on a tripod, was placed pointing downwards over 
the test arena at the height of 50 cm. Batches of 50 second and third instar P. xyiostella larvae 
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were treated with 100~1 of B. bassiana isolate F226 at the rate of2 x 108 conidia per ml as 
described previously. A piece of cabbage leaf was placed in the Petri dish at the base of the 
arena and 20 infected, 20 uninfected or 10 infected and 10 uninfected larvae together were 
kept on each piece of cabbage leaf. A single, mated, female parasitoid was introduced to each 
arena at one hour, one, three and five days after inoculation. If the female parasitoid did not 
start searching the leaves in the first 10 minutes she was replaced by another. 
Table 3.3 The repertoire of behavioural acts of Diadegma semiclausum during oviposition 
(based on (Wang & Keller, 2002». 
Event 
Antennate 
Encounter 
Sting 
Fly 
Groom 
Still 
Walk 
Description 
The wasp palpates the substrate with both antennal tips either while moving 
or stationary. This behaviour is often associated with intensive searching 
activity. 
The wasp suddenly moves towards the host and attempts to attack it. 
The wasp curls her abdomen under the body, holds the host with her legs, 
raises her wings and inserts the ovipositor into the host. Oviposition usually 
occurs during wrestling between wasp and host. 
Any airborne activity. 
Any action involving cleaning the body, e.g., the wasp brushes the antennae 
and head with the fore legs, brushes the thorax with the mid-legs, brushes 
the abdomen, ovipositor and wings with the hind legs, or rubs legs together. 
The wasp remains motionless with the antennae stretching out in front of the 
head. 
The wasp moves along the leaf or the arena wall at a relatively constant and 
fast speed with the antennae extended and waving alternately up and down 
in front of the head. 
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All behaviour of the parasitoid was recorded continuously for half an hour and the treatments 
for the recordings were selected randomly, according to the methods offocal sampling and 
continuous recording (Martin & Batesan, 1986). Each arena was recorded in random order 
for half an hour between 10.00 a.m. and 1.00 p.m., because D. semiclausum actively 
parasitises P. xylostella only during the day (Talekar & Yang, 1991). The experiment was 
replicated three times with new parasitoids and hosts. The times spent on activities such as 
antennating, walking, encountering, stinging, flying, grooming and stationary were measured 
(Table 3.3). Those activities other than encounter were selected on the basis of descriptions by 
Wang & Keller (2002). The Observer® Video Pro software program (Nodules Information 
Technology b.v. Wageningen, The Netherlands) was used to measure and analyse the data. 
3.4.3 Analysis of data 
Number of encounters and stings by parasitoids on larvae were submitted for r analysis. 
Percentage time spent on each activity was analyzed by ANOV A. Percentage data were 
transformed using angular transformation before analysis. 
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3.4.4 Results 
Table 3.4 The number of encounters and number of stings made by Diadegma semiclausum 
on different inoculation stages of Beauveria bassiana-infected and uninfected Plutella 
xylostella larvae in 30 minutes observation period. 
Treatment No-choice Choice 
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(time after 
inoculation) 
Infected Uninfected Infected Uninfected 
Encounter Stings Encounter Stings Encounter Stings Encounter Stings 
One hour 68 53 71 57 20 14 21 14 
One day 76 59 94 70 23 16 37 33 
Three days 81 64 78 45 23 13 37 22 
Four days 46 31 84 58 22 12 29 20 
Total 271 207 327 230 88 55 124 89 
Parasitoids attempted to oviposit infected and uninfected larvae, both in choice and no-choice 
situations. The number of encounters by parasitoids on infected hosts was significantly lower 
(X2 = 5.24, P < 0.05, df= 1) but the number of stings by parasitoids were not different (r: = 
1.21, p < 0.05, df= 1) when the parasitoids were introduced to infected and uninfected larvae 
separately (no-choice test). When parasitoids were introduced to infected and uninfected hosts 
in the same arena (choice test), they showed a significantly lower number of encounters (r: = 
6.11, p < 0.01, df= 1) and lower number of stings (r: = 8.02, p < 0.01, df= 1) on infected 
hosts than on uninfected hosts (Table 3.4). 
In the video experiment, during the 30 minute observation period, the mean total number of 
oviposition attempts (number of stings) by a parasitoid on infected hosts was 17.25 ± 2.58 
whereas on an uninfected host it was 19.16 ± 1.69. The mean number of oviposition attempts 
made by a parasitoid (number of dead larvae with red pigmented colonies as in Experiment 
3.3) was 11.91 ± 0.78 on infected larvae and 11.41 ± 0.60 on uninfected larvae during the 
three hours of observation (Table 3.5). 
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Table 3.5 Mean number (± S.E.) of encounters and oviposition attempts made by Diadegma 
semiclausum on Plutella xylostella larvae with different stages of Beauveria bassiana 
infection from 30 minute video records, and mortality due to infection of Serratia marcescens 
during oviposition attempts, in no-choice situations. 
Mean no. of stings from video record Mean no. red pigmented larvae 
(caused by bacteria contaminated 
parasitoids) 
Time after Infected Uninfected Infected Infected Uninfected Infected 
inoculation and and 
uninfected uninfected 
(choice (choice 
test) test) 
One hour 17.67±2.40 19.00±2.08 1O.50±3.47 12.67±1.16 9.33±0.67 10.25±2.60 
One day 16.67±4.41 23.33±0.87 14.33±1.32 11.33±1.45 13.33±0.32 8.00±0.81 
Three days 21.33±8.26 15.00±5.86 12.33±2.40 13.33±0.87 12.67±1.20 5.75±1.36 
Five days 10.33±4.33 19.33±2.08 10.33±2.02 13.33±0.67 10.33±0.87 7.00±1.32 
Mean total 17.25±2.58 19.16±1.69 12.3±1.36 11.91±0.78 11.41±0.60 7.75±0.89 
Parasitoids did not show any significant difference in time spent on the activities of 
encountering, stinging, grooming, remaining still and antennating on P. xylostella larvae with 
different times after inoculation (Table 3.6). A significant difference (F = 2.04, P < 0.05, df= 
29) in duration of grooming by parasitoids was observed when they parasitised infected larvae 
compared with uninfected larvae, but no difference was observed when they parasitised 
infected and uninfected larvae that were in same arena (Table 3.7). No significant difference 
was observed in other activities of paras ito ids among infected, uninfected, and infected and 
uninfected larvae in the same arena. 
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. Table 3.6 Percentage duration of activities by Diadegma semiclausum at different times after 
inoculation of Plutella xylostella larvae during a 30 minutes observation period. 
Treatment time after % % % % % 
inoculation encountering stinging groommg still antennating 
One hour 2.71 4.97 23.76 23.76 49.01 
One day 2.77 8.84 16.86 16.86 52.09 
Three days 2.26 7.53 31.41 31.41 30.13 
Five days 2.34 6.91 17.58 17.58 46.90 
LSD 3.19 6.43 15.18 20.80 35.69 
* Means with the same letter are not significantly different (p > 0.05) 
Table 3.7 Percentage duration of activities by Diadegma semiclausum on infected and 
uninfected Plutella xylostella larvae during a 30 minutes observation period. 
Treatment % % % % % 
encountering stinging groommg still antennating 
Infected 3.00a 7.44a 32.82a 13.13a 40.41a 
Uninfected 3.05a 7.87a 17.22b 17.17a 49.50a 
Infected and 1.83a 5.58a 22.06ab 26.22a 36.72a 
uninfected 
LSD 2.64 5.34 12.59 17.26 29.61 
* Means with the same letter are not significantly different (p > 0.05) 
, 
.:,...J_ ..... J~ .. _.~ • .;-"'-=-.. : • .::.._.j 
. I 
' ..... ~ ,'.".'. -;. ........ . 
._"-'.;::<~......---:-.:-~.': ... -....,0:,... 
60 
.3.5 Ability of parasitoids to recognize moving, stationary and dead larvae 
Objective: To investigate the ability of paras ito ids to recognize dead larvae from live larvae. 
3.5.1 Introduction 
Behavioural and analytical studies have shown that volatiles of both damaged and undamaged 
brassica plants attract Diadegma spp. to the vicinity, thereby improving encounter chances of 
the parasitoid on P. xylostella larvae (Hu & Mitchell, 2001; Ohara et al., 2003). In active 
searching, it is not clear whether parasitoids also recognise P. xylostella larvae by their 
movements. Investigation of the ability of paras ito ids to recognise stationary but live larvae, 
infected dead larvae and moving larvae could explain behaviour during active searching to 
some extent. 
3.5.2 Materials and methods 
To observe the response of parasitoids on moving, stationary and infected dead larvae, 
experiments were carried out in controlled environment conditions as described for 
experiment 3.4. Second and third instar P. xylostella larvae were placed in a freezer at -18°C 
for one hour to immobilise (but not kill) larvae for the experiment. Infected dead larvae were 
obtained five days after applying B. bassiana, F226 isolate at 2xl08 conidia per ml as in the 
previous experiment. Twenty uninfected larvae (control), 20 frozen larvae and 20 infected 
dead larvae were exposed to a 3 - 4 day old single mated female parasitoid separately into the 
recording arena and their activities were recorded for 30 minutes as in the previous 
experiment. The times spent on specific behaviours such as antennating, walking, 
encountering, attacking or stinging, flying, grooming and remaining stationary were measured 
(Table 3.3). The experiment was replicated five times. 
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3.5.3 Analysis of data 
Student's T test was used to compare the number of encounters, stings, and the time spent on 
activities. The number of encounters and stings were transformed to square root values and 
percentage data were transformed using an angular transformation before analysis. 
3.5.4 Results 
Parasitoids did not show any significant difference in number of encounters (t = 0.4, p > 0.05, 
df= 8) or number of stings (t = 0.9, P > 0.05, df= 8) made on stationary and moving larvae. 
No significant difference in the duration ofparasitoid activities, viz. stinging, encountering, 
grooming, remaining still and antennating was found between live and still larvae (Table 3.8) . 
Table 3.8 Number of encounters, stings and percentage duration of activities of Diadegma 
semiclausum on still and moving Plutella xylostella larvae during 30 minute video 
observations. 
Activity Moving larvae Still larvae t value p> t, df= 8 
No. of encounter 25.4 ± 4.5 28.2 ± 5.2 0.40 0.69 
No. of stings 18.4 ± 4.0 13.4 ± 3.1 0.90 0.35 
% encountering 2.4 ± 0.4 6.0 ± 1.7 1.90 0.08 
% stinging 6.7±2.5 6.0 ± 1.9 0.22 0.83 
% grooming 25.4 ± 4.1 37.4 ± 6.8 1.50 0.17 
% remaining still 18.7 ± 7.4 17.8±9.8 0.10 0.98 
% antennating 43.6 ± 11.0 30.8 ± 3.1 1.10 0.31 
% walking 0.01 ± 0.01 0.01 ± 0.01 0.01 0.98 
Parasitoids showed a significantly larger number of encounters (t = 16.4, P < 0.001, df = 8) 
and stings (t = 8.2, P < 0.001, df= 8) on live larvae than on dead larvae. Moreover, they spent 
a significantly smaller proportion of time antennating (t = 4.6, p < 0.001, df= 8), stinging (t = 
5.8, P < 0.001, df= 8) and encountering (t = 2.4, P < 0.05, df= 8) dead larvae than live larvae 
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but no differences between treatments were observed on the duration of grooming (t = 2.2, P > 
0.05, df= 8) and walking (t = 1.6, p > 0.05, df= 8) (Table 3.9). 
Table 3.9 Number of encounters, stings and percentage duration of activities of Diadegma 
semiclausum on dead and live Plutella xylostella larvae during 30 minute video observations. 
Activity On live larvae On dead larvae t value p > t, df= 8 
No. of encounter 16.2 ± 1.9 2.2 ± 0.7 16.4 0.001 * 
No. of stings 17.4±1.8 1.2 ± 0.7 8.2 0.001 * 
% encountering 3.0 ± 1.0 0.4 ± 0.1 2.4 0.04* 
% stinging 6.1 ± 0.8 0.5 ± 0.3 5.8 0.001 * 
% grooming 27.6 ± 3.2 13.4 ± 5.2 2.2 0.05 
% still 12.9 ± 3.9 51.7 ± 16.3 2.3 0.04* 
% antennating 43.9 ± 8.3 5.3 ± 0.9 4.6 0.001 * 
% walking 6.9± 3.3 30.2 ± 11.6 1.9 0.09 
* significantly different at 0.05 level 
3.6 Ability of parasitoids to recognise larvae treated with live and dead fungus 
Objective: To investigate parasitoid behaviour in response to P. xylostella larvae treated with 
dead and live fungus. 
3.6.1 Introduction 
In a previous experiment (Experiment 3.4), parasitoids spent more time grooming their bodies 
when they parasitised infected larvae compared with uninfected larvae. Whether this 
behaviour change in parasitoids occurred due to tactile stimulation by fungal conidia is not 
known. To investigate whether this behaviour occurs due to tactile stimulation or not, an 
experiment was carried under controlled environment conditions. 
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3.6.2 Materials and methods 
To observe the response of paras ito ids on larvae treated with dead and living fungus conidia 
an experiment was carried out in control environment conditions as in experiment 3.4. The 
fungal conidia suspension was exposed to UV light (254 nm) for one hour to kill the conidia 
(exposure of B. bassiana to UV prevent germination (Edgington et al., 2000; Alves et al., 
2002)). Twenty second and third instar P. xylostella larvae were sprayed with 100 III of B. 
bassiana F226 isolate (2x108 conidia per ml) treated with UV or were untreated, as in 
previous experiments. Those larvae were then exposed to individual 3 - 4 day old mated 
female parasitoids in the arena and the parasitoid behaviours were recorded for 30 minutes. 
The times spent on activities such as antennating, walking, encountering, stinging, flying, 
grooming, remaining still were measured (Table 3.3) and the data were analysed as in 
experiment 3.5. The experiment was replicated five times. 
3.6.3 Results 
No significant difference was observed in number of encounters, stings or any behavioural 
activity between larvae treated with UV-treated and untreated fungal conidia (Table 3.10). 
Table 3.10 Number of encounters, stings and percentage duration of activities of Diadegma 
semiclausum on Plutella xylostella larvae treated with dead and live fungal conidia of 
Beauveria bassiana. 
Activity Live fungus Dead fungus t value p>t, df= 8 
No. of encounter 22.4 ± 9.7 20.4 ± 6.7 1.6 0.13 
No. of stings 15.2 ± 1.5 17.0 ± 1.6 0.7 0.45 
% encountering 4.9±4.0 1.4 ± 0.4 0.5 0.61 
% stinging 4.2 ± 1.3 2.9 ± 0.2 0.9 0.37 
% groom 14.1 ± 1.0 14.0 ± 3.6 1.8 0.09 
% still 30.7 ± 4.0 35.7 ± 12.1 0.2 0.78 
% antennating 11.6 ± 3.0 18.3 ± 3.1 1.4 0.19 
% walking 25.3 ± 4.9 25.1 ± 0.4 1.2 0.25 
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3.7 Discussion 
No difference was observed in the number of red-pigmented colonies between the infected 
and uninfected dead larvae caused by S. marcescens and no difference was observed among 
the treatments of one hour, one, three and five days after infection oflarvae. Similarly, no 
differences were found in choice and no-choice tests. These results indicated that the 
parasitoids were unable to discriminate between infected and uninfected larvae in oviposition. 
However, this red colouration does not indicate that the parasitoids laid eggs in the host's 
body even though they have inserted their ovipositor into the infected and uninfected host 
without discrimination. Fransen and van Lanteren (1998) found no difference for the 
parasitoid E. formosa in the numbers of oviposition attempts on third and fourth instar larvae 
of T. vaporariorum treated with the fungus A. aleyrodis and untreated larvae but significantly 
more hosts were parasitised by E. formosa in the control treatments than in the fungal 
treatments. 
The results of video records revealed that parasitoids displayed some ability to recognize 
infected hosts from uninfected hosts when they parasitised infected and uninfected larvae in 
the same arena. Parasitoids made fewer encounters on infected larvae than on uninfected 
larvae in both choice and no-choice tests, but the number of oviposition attempts made in the 
no-choice test did not show a significant difference whereas a larger number of oviposition 
attempts were observed on uninfected larvae than on infected larvae in the choice test. This 
suggests parasitoids prefer to sting uninfected larvae to infected larvae when they have a 
choice and, if there is no choice, they sting available larvae indiscriminately. Uninfected 
larvae were more active than infected larvae and uninfected larvae always tried to escape 
from the attacks more commonly than infected larvae, and this could be a reason for the 
higher number of encounters on uninfected larvae. 
There was no significant difference in oviposition attempts in the Experiment 3.3, which used 
bacteria as a marker to investigate the oviposition attempts made on infected and uninfected 
larvae, in both choice and no-choice tests. In the video experiment, during the 30 minute 
observation period the mean total number of oviposition attempts (number of stings) by a 
parasitoid on infected hosts was 17.25 ± 2.58 whereas on an uninfected hosts it was 19.16 ± 
1.69. The mean number of oviposition attempts made by a parasitoid (number of dead larvae 
with red pigmented colonies) was 11.91 ± 0.78 on infected larvae and 11.41 ± 0.60 on 
65 
uninfected larvae during the three hours in Experiment 3.3 (Table 3.5). The fewer red 
pigmented larvae in experiment 3.3 may be asa result of increasing unavailability of bacteria 
on the parasitoid ovipositor after a few insertions of the ovipositor into the host. Therefore, 
the use of S. marcescens as a marker may underestimate the number of oviposition attempts 
on infected and uninfected larvae. 
In a similar study of oviposition attempts of D. semiclausum and Cotesia plutella on 
Zoophthora radicans infected and healthy P. xylostella larvae, no significant difference 
between the proportion of infected larvae and healthy larvae attacked by both parasitoids was 
found. It was concluded that neither species discriminated between healthy and infected 
larvae in an oviposition choice experiment (Furlong & Pell, 2000). In experiments conducted 
by Lord (2001) to determine the compatibility of the ectoparasitoid Cephalonomia tarsalis 
(Ashmead) and B. bassiana, biological control agents for sawtoothed grain beetle, 
Oryzaephilus surinam ens is (L.), in a no-choice test, oviposition was observed until within one 
day of host death. When the wasps were given a choice between B. bassiana-treated and 
untreated hosts, 23.5% of individuals oviposited on untreated hosts while 21.5% oviposited 
on treated hosts. In contrast, Akalach et al. (1992) reported that an increased number of 
oviposition attempts was made by Gyranusoidea tebygi Noyes a parasitoid of mealybug 
Rastrococcus invadens Williams on mealybugs treated with pathogen Hirsutella 
cryptosclerotium (Fern.) than on untreated. Parasitoids may have recognized these infected 
hosts due to mummification of the hosts and may have been avoided. A similar pattern of 
oviposition was observed by Hegazi & Abd-Allah (2004) in ovipositional choice tests with 
Microplitis rujiventris Kok. females between granulosis virus-infected and uninfected 
Spodoptera littoralis (Boisduval) larvae. When M rujiventris females were given a choice 
between uninfected and granulosis virus infected S. littoralis females laid more eggs on 
uninfected hosts whereas no difference in the number of eggs laid in no-choice experiments. 
Parasitoids introduced to fungus-infected larvae spent more time cleaning their bodies than 
the parasitoids introduced to uninfected hosts. Parasitoids did not distinguish between larvae 
treated with dead fungus (UV-exposed fungus) and living fungus indicating that their 
behaviour is likely to depend on the external material on their bodies. This showed parasitoids 
detected some kind of foreign bodies on their bodies. A similar behaviour was observed by 
Fink & Volkl (1995) in a study of searching patterns and oviposition success of the aphid 
parasitoid Aphidius rosae Hal. in simulated drizzling rain or simulated showers and standard 
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conditions in the laboratory (20°C, 65 - 70% RH, no wind). They found simulated drizzling 
rain or simulated showers prevented all foraging activities including departure from the shoot 
and, after the rain had stopped, females were mainly engaged with cleaning themselves and 
laid relatively few eggs compared with standard conditions. 
When parasitoids were introduced to dead larvae, they spent less time antennating indicating 
less interest in searching for hosts. Furlong and Pell (2000) observed when D. semiclausum 
was offered P. xylostella larvae that had recently been killed « 1 hour previously) along with 
healthy larvae, the parasitoid did not sting dead larvae. This result confirms that D. 
semiclausum can recognize dead larvae and it avoids laying eggs in those larvae. Behavioural 
interactions between the parasitoid, Venturia canescens (Gravenhorst), and two of its hosts, 
Plodia interpunctella (Hubner) and Corcyra cephalonica (Stainton), were investigated by 
Harvey & Thompson (1995). They observed parasitoids examined and jabbed their 
ovipositors at dead hosts, but this behaviour was not sustained, implying that host movement 
stimulates parasitoid attack. In this study no difference was observed in parasitoid stingings 
on immobilized larvae (freezing) and moving larvae. This suggests that D. semiclausum does 
not rely on larval movements to stimulate stings but that they detect the host visually and they 
can recognize dead larvae. Lower rate of stings by parasitoids observed in fungal infected 
aphids in other studies also supported the visual detection of host by parasitoids (Brobyn et 
a!., 1988; Pope et al., 2002). 
3.8 Conclusions 
The bacterium S. marcescens could be used as an indicator of oviposition attempts of D. 
semiclausum on P. xylostella larvae, but it does not give the exact number of oviposition 
attempts. 
Parasitoids preferred to parasitise healthy larvae compared to fungus-infected larvae when 
there was choice between infected and healthy larvae, but if there is no choice they attacked 
all available hosts. 
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Some behavioural changes occurred in parasitoids, especially in their grooming, but not in 
other activities such as antennating, walking, etc., when the host was infected with fungus. 
Increased grooming is likely to be dependent contamination of their bodies by external 
materials. Parasitoids could recognize infected dead larvae and did not oviposit in dead larvae. 
They oviposited in living larvae even when the larvae were immobilised by freezin. 
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Chapter 4 
Direct and indirect effects of Beauveria bassiana on survival and 
development of Diadegma semiclausum 
4.1 Introduction 
Effect of pathogens on adult parasitoids 
Beauveria bassiana has been recorded from more than 600 insect species in almost all insect 
orders including Lepidoptera, Coleoptera, Diptera, Homoptera, Hemiptera (Crespo & 
Alvarez, 1997; Maurer et a!., 1997; Devi et at., 2001; Bidochka et at., 2002). Research has 
demonstrated that B. bassiana is pathogenic to some non-target organisms including 
parasitoids, and that continuous exposure of parasitoids to B. bassiana-treated surfaces caused 
mortality of adult parasitoids. Laboratory experiments by Danfa & van der Valk (1999) with 
11 isolates of Metarhizium sp. and one isolate of B. bassiana exposed Bracon hebetor Say 
(Braconidae) and Apoanagyrus topezi De Santis (Encyrtidae) to surfaces treated with the 
entomopathogens at the rate equivalent to ca. 5xl012 conidia per ha resulted in 100% 
mortality of these hymenopteran parasitoids. Similar results were reported by Stolz et at. 
(2002) for the parasitoids A. topezi and Phanerotoma sp. that were susceptible to M 
anisopliae. They observed a significant reduction oflongevity of the parasitoids when they 
were exposed to strips of paper treated with field dose rates equivalent to 2.5 and 5.0xl012 
conidia per ha. When female Aphelinus asychis Walker, a common parasitoid of Russian 
wheat aphid, Diuraphis noxia (Mordvilko), were exposed in Petri dishes to filter papers 
treated withPaecilomycesfumosoroseus (Wize) conidia densities ranging from 3.75 - 3750 
conidia per cm2 mortality ranges of20 - 33% and 33 - 88% were recorded respectively 
(Lacey et at., 1997). 
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Effect of pathogens on immature parasitoids 
Entomopathogenic fungi with a broad host range can act together with arthropod natural 
enemies to increase mortality of the hosts but only under environmental conditions that are 
favourable for the fungus (James & Lighthart, 1994; Lacey et al., 1997; Askary & Brodeur, 
1999). Interactions between parasitoids and pathogens can range from synergistic to 
competitive, depending on the environmental conditions and the timing of interactions 
(Chilcutt & Tabashnik, 1997a) or they can be antagonistic (Orr et al., 1994). Pathogens rarely 
directly infect immature parasitoids within a host, however, they often outcompete parasitoids 
within the host tissue, resulting in death of the parasitoids within its infected host (Flexner et 
al., 1986; Goettel et al., 1990; Furlong and Pe1l2004). Premature deaths of parasitized hosts 
before completion of the parasitoid life cycle also caused mortality of paras ito ids (Chilcutt & 
Tabashnik, 1997b; Goettel & Hajek, 2001). Such an outcome must be viewed as competitive 
displacement rather than direct pathogenicity of non-target hosts (Goettel & Hajek, 2001). 
Antagonistic interactions have been reported for several host, parasitoid and pathogen 
systems. Com borer, Ostrinia nubilalis (Hiibner), when infected with Nosema pyrausta 
(Paillot) and parasitized by Macrocentrus grandii Goidanich, had produced greater larval 
mortality than in uninfected hosts resulting in reduced parasitoid emergence (Orr et al., 1994). 
In a study of interactions between the entompathogenic fungus Aschersonia aleyrodis Webber 
and the parasitoid Encarsiaformosa Gahan on greenhouse whitefly, Trialeurodes 
vaporariorum Westwood, the mean number of parasitized pupae per parasitoid at 25°C was 
significantly reduced after conidia application in the first three days after parasitisation but no 
significant reduction of parasitisation occurred when conidia applications were made four or 
seven days after parasitisation (Fransen & van Lenteren, 1994). 
Interactions between the entomopathogenic fungus Paecilomycesfumosoroseus (Wize), the 
parasitoid Aphelinus asychis Walker and their aphid host Diuraphis noxia (Mordvilko) under 
laboratory conditions was investigated by Mesquita & Lacey (2001). When third instar aphids 
were exposed to 4 - 5 day old A. asychus females for 24 hours, and then inoculated with P. 
fumosoroseus at 5.2 x 104 conidia per cm2 between 24 and 96 hours after parasitoid exposure, 
they observed a reduction in A. asychus F 1 generation emergence when the aphid was 
inoculated at 24 hours. When D. noxia was inoculated with P. fumosoroseus and exposed to 
to A. asychus females, 0 - 72 hours after inoculation, the number of parasitized aphids 
. '"-"-- '.' ~-~ .. -------.. <. 
decreased (to almost 0 at 72 hours). These results demonstrate synergism between P. 
fumosoroseus and A. asychis in controlling D. noxia. 
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In the interactions between fungal pathogens and parasitoids, more often the pathogens 
successfully complete the life cycle by defeating the parasitoid but the production of fungal 
conidia depends on the growth stage of the parasitoid within the host (Powell et al., 1986; 
Furlong & Pell, 2000). In some cases, if the parasitoid has developed to a certain stage before 
exposure to the fungus it can successfully defeat the fungal invasion. For example, when the 
aphid D. noxia was exposed to the parasitoid A. asychis and then treated with the fungus P. 
fumosoroseus, the parasitoid could escape the lethal action of the fungus, especially if the 
parasitoid had 48 hours or more to develop before exposure to the fungus (Mesquita & Lacey, 
2001) . 
The aim of the research presented in this chapter was to study the direct and indirect effects of 
the pathogen Beauveria bassiana on the fecundity, longevity and survival of the parasitoid, 
Diadegma semiclausum. This was investigated through the following experiments. 
• The effect of direct topical application of a suspension of fungal conidia to parasitoid 
females on their longevity was studied with three isolates of B. bassiana 
(Experiment 4.2). 
• The fecundity of parasitoids when they were directly exposed to B. bassiana was 
studied with New Zealand isolate F226 (Experiment 4.3). 
• The effect of continuous exposure of parasitoids to leaf surfaces treated with different 
concentrations of B. bassiana isolate F 226 was studied (Experiment 4.4). 
• The effect of the pathogen on the survival of immature stages of paras ito ids, when the 
host was first treated with the fungus B. bassiana then exposed to the parasitoids, and 
when host was first exposed to the parasitoid then treated with B. bassiana, were 
studied (Experiment 4.5 and Experiment 4.6 respectively). 
4.2 Effect of direct exposure of fungus to parasitoid on parasitoid longevity 
Objective: To investigate the effect of topical application of several B. bassiana isolates on 
the longevity of D. semiclausum. 
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Under field conditions, there is a high likelihood that parasitoids will come into direct contact 
with fungal conidia, especially when conidia applications are made to crops. Therefore, to 
investigate the effect of direct exposure of parasitoids to fungus an experiment was conducted 
under laboratory conditions to ensure exposure to known conidia concentrations. 
4.2.1 Materials and methods 
Four isolates of B. bassiana (F226, F130, ARSEF 2729 and ARSEF 3288) were selected 
because of their high virulence against P. xylostella larvae (Experiment 2.2, Chapter 2). 
Fungal conidia were scraped from the surface of 14 - 21 day old cultures and were suspended 
in 0.01 % Triton X-lOO (octyl phenol ethoxylate, polyoxyethylene octyl phenyl ether) by 
mixing on a vortexer (Velp Scientifica, Usmate MI, Italy) for one minute (30 Hz). One 
hundred III of this suspension were diluted in 100 ml of 0.01 % Triton X-I 00; conidia 
concentrations were estimated using a haemocytometer and were adjusted, as needed, using 
additional 0.01 % Triton X-I 00, for the experiments. 
Three-to-five-day-old mated female parasitoid adults were used for this experiment. Twenty 
five mated female parasitoids were randomly divided into five groups. Each group was placed 
separately into a spray column (6 cm high and 4 cm diameter); the top of the column had an 
opening (1 cm diameter) which was covered with a piece of insect-proof net. Fifty III of 
conidia suspension, at a concentration of 2x 108 conidia per ml, were sprayed with a "Paasche" 
single action air brush into the column through the hole in the top of the column. A control 
group of paras ito ids was sprayed with 50 III of 0.01% TritonX-lOO only. Three groups of20 
P. xylostella larvae were also treated with the same concentration of fungal conidia as the 
positive control to confirm the virulence of the strains at the time of treatment. Immediately 
after application of the fungal conidia, parasitoids were transferred to new glass vials (7.5 cm 
high and 2.5cm diameter) and reared individually under 20 ± 2°C and 16:8 L:D photoperiod. 
Parasitoids were provided with 1: 10 honey and water solution as food and were observed 
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daily. Dead parasitoids were removed from the vials and were kept on a glass microscope 
slide and transferred to the Petri dishes lined with moistened filter paper. Petri dishes with 
dead parasitoids were incubated at 20 ± 1°C and 16:8 L:D. They were observed daily for 
sporulation from the cadavers. Parasitoids showing mycosis were considered infected insects. 
The experiment was repeated on three occasions. 
4.2.2 Analysis of data 
The number of days parasitoids survived was used for the Kaplan-Meier estimator of 
survivorship function analysis using the SAS lifetest procedure (SAS Institute 2003, Version 
6.12). Pair-wise comparison was carried out to compare the treatments. Average survival time 
of paras ito ids was calculated according to the method described by Bateman et al. (1996). 
4.2.3 Results 
All the fungus-treated parasitoid adults died within four days of treatment and all incubated 
cadavers showed characteristic mycosis. No sporulation was observed on control group of 
parasitoids. Lifetest analysis showed a significant difference in probability of survival time 
between fungal-treated and control-group parasitoids (Log-Rank r: = 45.38, df= 4, p < 
0.0001 and Wilcoxon r:= 36.58, df= 4, p < 0.0001) (Figure 4.1). The average survival time 
of fungal-treated adults was 2.30 ± 0.41 days to 3.03 ± 0.96 days where as average survival 
time ofthe control group ofparasitoid was 15.88 ± 0.99 days (Table 4.1). No significant 
difference was observed among the fungal isolates in the survival time of paras ito ids. 
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Table 4.1 Longevity of Diadegma semiclausum females treated with different strains of 
Beauveria bassiana at a concentration of2x108 conidiaper ml at 20 ± 2°C. 
Isolate 
Control 
F226 
Fl30 
3288 
2729 
Estimated mean survival time ± SE 
(daysi 
16.26 ± 1.28 
2.80 ± 0.20 
3.46 ± 0.21 
3.13 ± 0.21 
3.53 ± 0.16 
Average survival time ± SE 
(days) 2 
15.88 ± 0.99 
2.30 ± 0.41 
2.96 ± 1.07 
2.63 ± 0.60 
3.03 ± 0.96 
1 = Survival time estimated by the Kaplan-Meier estimate of survivorship function analysis. 
2= Average survival time estimated by the method described by Bateman et al. (1996) . 
. : .. 
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Figure 4.1 Kaplan-Meier estimate of survivorship functions for Diadegma semiclausum adults 
treated with different isolates of Beauveria bassiana at a concentration of2x108 conidia per 
ml at 20 ± 2°C. 
4.2.4 Discussion 
Immediately after application, parasitoids treated with conidia spent more time grooming their 
bodies than controls but after about half an hour they began other activities such as searching, 
walking and flying. This indicates parasitoids could detect some unwanted or irritating 
foreign bodies on their body surfaces and grooming is a defensive action of the parasitoid 
against pathogens. Since B. bassiana has a wide host range, mortality among parasitoids was 
anticipated. When incubated, all fungal treated dead parasitoids showed sporulation thus 
confirming pathogenicity. Similar results with B. bassiana have been observed in other 
studies with parasitoids and predators. In laboratory studies, Furlong & Pell (1996) found 
90% mortality of D. semiclausum when showered with Z. radicans fungal conidia. Direct 
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inoculation of adult Prorops nasuta Waterston, a parasitoid of coffee berry borer, 
Hypothenemus hampei (Ferrari), with three isolates of B. bassiana, originally isolated from 
coffee berry borer, resulted in high mortality of adult parasitoids (Rosa et al., 2000). Up to 
95.8% of adult mortality in Teretrius nigrescens Lewis, a predator of the larger grain borer, 
Prostephanus truncates (Hom), was recorded after direct exposure to Ixl09 conidia per ml of 
B. bassiana compared with 16.7% in the control (Bourassa et al., 2001). Three-hour 
exposures of Cephalonomia tarsalis (Ashmead), a biological control agent for sawtoothed 
grain beetle, Oryzaephilus surinamensis (L.), to wheat containing 100 and 500 mg of B. 
bassiana conidia per kg of wheat resulted in 52.5 and 68.6% mortality, respectively, 
contrasting with only 1.7% mortality among control wasps (Lord, 200 I). The direct and 
indirect effect of a commercial formulation of Beauveria bassiana strain JW-I was evaluated 
by Ludwig & Oetting (2001) against five biological control agents. Orius insidiosus (Say), 
Phytoseiulus persimilis (Athias-Henriot), Encarsiaformosa Gahan, and Aphidius colemani 
Viereck and found were highly susceptible to infection under laboratory conditions, but lower 
infection rates were observed in greenhouse trials. 
In this experiment, a maximum challenge of conidia concentration and exposure method was 
used. Under field conditions, exposure at this level of challenge is unlikely due to movement 
of paras ito ids in an open field and, consequently, they could escape from direct exposure to 
the conidia when fungal conidia are applied to field plants. Furthermore, environmental 
factors such as wind, temperature and humidity may affect the survival of adult parasitoids. 
The effect of the B. bassiana (isolate Bb 9205) andM anisopliae (isolate Ma 9101) on 
Cephalonomia stephanoderis Betrem, a parasitoid of coffee berry borer, H hampei was 
studied by Aristizabal et al. (1995). They found in the laboratory at 90% RH and 23.4 ± 1°C 
.both fungi (107 conidia per ml) applied directly killed 48% and 40% of paras ito ids, 
respectively. In subsequent field trials in Colombia, artificially infested coffee branches, when 
sprayed with the fungi (7.9 x 109 conidia per tree) 21, 14, 7 and 0 days before the parasitoid 
was released, and 2, 4 and 7 days after the parasitoid was released, the highest mortality of 
parasitoids (24% with B. bassiana, 5% with M anisopliae) occurred when the fungi were 
sprayed on the same day as parasitoid release. In all other treatments, the mortality was less 
than 7% and was not significantly different from the untreated control. 
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4.3 Effect of pathogen on the fecundity of parasitoid 
Objective: To investigate the effect of topical application of B. bassiana on the fecundity of 
D. semiclausum. 
Parasitoids may lay fewer eggs when they are infected with pathogens due to a change in 
physiological conditions or less foraging caused by the disease (Lacey et al., 1997; Furlong & 
Pell, 2000). Hence, this experiment was carried out to investigate the effect of the pathogen 
on the fecundity of the parasitoid. 
4.3.1 Materials and methods 
Twenty, 3 - 5 day old mated female parasitoid adults were treated with 50 ~l of conidia 
suspension of isolate F226 at 2xlO8 conidia per ml using a "Paasche" single action air brush 
as described in experiment 4.2. A control group of 10 parasitoids was sprayed with 0.01 % 
Triton X-IOO only. One hour after application of fungus, parasitoids were introduced 
individually to Petri dishes each containing 10 P. xylostella larvae and a piece of cabbage leaf. 
Parasitism was allowed to continue for two hours after which time parasitoids were 
reintroduced to insect vials (7.5 cm high and 2.5 cm diameter) and reared individually in 
separate vials under 20 ± 2°C and 16:8 L:D photoperiod, fed with 1:10 honey and water 
solution. Each parasitoid was exposed to 10 new P. xylostella larvae for two hours daily for 
egg laying for five days or until they died. Dead parasitoids were incubated and observed 
daily for sporulation from the cadavers as previously described (Experiment 4.2). Parasitoids 
showing mycosis were considered infected insects. Parasitized P. xylostella larvae were 
provided with a piece of cabbage leaf and were reared individually under controlled 
environment conditions at 20 ± 2°C and 16:8 L:D photoperiod. The number ofparasitoid 
pupae produced by each parasitoid, each day, was recorded at the end of the experiment. 
Providing larvae for parasitisation was stopped after five days since all the fungus-treated 
parasitoids were dead within 1 - 2 days. This experiment was repeated three times. 
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4.3.2 Analysis of data 
Student's T test was used to test for significant differences (p < 0.05) in the number of 
parasitoid pupae produced by infected and uninfected parasitoids, using the SAS package 
(SAS Institute 2003, version 6.12). 
4.3.3 Results 
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Some fungus-treated parasitoids were dead after the first day (four out of 20) and all other 
treated parasitoids were dead by the second day, just after laying eggs. All treated parasitoids 
showed sporulation. In first two days no significant difference was observed (df= 39, t = 1.97 
p> 0.05) between the number ofparasitoid pupae produced by control parasitoids and treated 
parasitoids (Table 4.2). Significantly fewer (df= 24, t = 7.l8, P < 0.001) parasitoid pupae 
were produced by treated parasitoids than untreated parasitoids in five days. The mean 
number ofparasitoid pupae produced by treated adults was 5.l ± 0.91 where untreated 
parasitoids produced 18.00 ± 1.15 pupae in the five days. 
Table 4.2 Mean number ofparasitoid pupae produced by Beauveria bassiana-treated 
Diadegma semiclausum at 20 ± 2°C. 
Treatment 
Untreated 
Treated with fungal conidia 
4.3.4 Discussion 
Mean no. of parasitoid pupae 
produced by parasitoids on 
day 1 
3.00 ± 0.64 
3.09 ± 0.41 
Mean no. of parasitoid pupae 
produced by parasitoids on 
day 2 
3.l0 ± 0.44 
3.04 ± 0.59 
Parasitoids exposed to the pathogen did not show any difference in the number of parasitoid 
pupae produced per day compared with untreated parasitoids. Treated parasitoids survived 
only two days, thus their longevity affected the total number of parasitoid pupae produced. 
This supports the findings of Lacey et al. (1997) on the effect ofthe fungus Paecilomyces 
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fumosoroseus on adult female Aphelinus asychis, a parasitoid of Diuraphis noxia. When 
parasitoids were treated with P. fumosoroseus (2.6 x 104 conidia per cm2) and held in 95% 
RH for 24 hours followed by incubation at 60% RH, they survived an average of 5.7 days 
compared with 9.0 days for untreated females. Furthermore, they reported the number of 
mummies produced per female, per day, was not significantly different between treated and 
untreated females, but more aphids were parasitised by the control insects due to longer 
survival. In the previous experiment (Experiment 4.2), parasitoids lived comparatively longer 
than in this experiment. Thus when treated parasitoids were allowed to lay eggs, they had a 
shorter life span. This may be due to high energy loss in searching, attacking and handling 
hosts during egg laying. When compared to the pathogenicity of B. bassiana to P. xylostella 
larvae it was observed that parasitoids showed normal activities like parasitizing hosts until 
they died whereas P. xylostella larvae, showed slow activities like slow moving, slow feeding 
and also some discolouration. Similar behaviour was observed by Furlong and Pell (2000) in 
C. plutellae and D. semiclausum exposed to Z. radicans conidia. 
4.4 Effect of continuous exposure of parasitoids to the pathogen 
Objective: To investigate the effect of continuous exposure to B. bassiana on the longevity of 
D. semiclausum. 
Other than causing direct mortality of parasitoids by direct exposure to the pathogen, surface 
contamination may also affect the longevity and fecundity of adult parasitoids. Most of the 
available evidence on the effect of contamination of parasitoids with pathogens is based on 
the use of fungus-treated papers. Whether treated papers are a good facsimile for leaves has 
not been determined. This experiment was conducted to investigate the effect of fungus on 
parasitoid longevity when they are exposed to fungus-treated leaves. 
4.4.1 Materials and methods 
The experiment was carried out under controlled environmental conditions of 20 ± 2°C and 
16:8 L:D photoperiod. Potted cabbage plants with 6 - 8 leaves were sprayed with different 
concentrations ofB. bassiana (F226) formulations of 0 (control), 1x106, 1x107, Ix 108 and 
1x109 conidia per ml in 0.01 % Triton X-100 by a hand sprayer. The amount applied to each 
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plant was 4 - 5 ml. Control plants were treated with 0.01 % Triton X-100 only. After the 
leaves had dried,-five 1 - 3 day old female parasitoids were introduced to each clip cage (5 cm 
high and 1.5 cm diameter), the top of which was covered with an insect proof net. These 
cages (one cage per plant) were clipped on leaves to retain the adults on the treated leaf 
surface. There were four replicates of five parasitoids for each treatment. A piece of cotton 
wool dipped in 10% honey solution was kept on the top of the cage as a food source for the 
parasitoids. The adults were observed daily until they died and dead insects were removed and 
were placed on a microscope slide. Dead parasitoids were incubated and observed daily for 
sporulation from the cadavers as previously described (Experiment 4.2), and dead parasitoids 
with sporulation were considered to be infected parasitoids. 
4.4.2 Analysis of data 
The number of days parasitoids lived was used for the Kaplan-Meier estimator of 
survivorship function analysis using the SAS lifetest procedure (SAS Institute 2003, version 
6.12). Pair-wise comparisons were carried out to compare the treatment means (refer Table 
4.3). To estimate the LC50 value, the number of dead parasitoids with sporulation after ten 
days was analyzed using regression analysis in the software package PoloPlus Version 1.0 
(LeOra Software 2002-2004). Abbott's formula (Abbott, 1925) was applied to correct 
percent mortality to account for 'control group' mortality. 
4.4.3 Results 
There was a significant difference in the mean number of days parasitoid females survived on 
leaves treated with different concentrations of B. bassiana conidia (Log-Rank x: = 52.63, df 
= 4, p < 0.0001 and Wilcoxon x:= 46.74.30, df= 4, P < 0.0001) (Table 4.3 and Figure 4.2). 
The longevity of parasitoids decreased when they were exposed to the leaves treated with 
increasing concentrations of pathogen. No significant difference was observed between the 
control and IxI06 conidia per ml (x: = 1.25, p > 0.05, df= 1), the control and 1xI07 conidia 
per ml (x: = 3.74, p > 0.05, df= 1), but there were significant differences with Ix108 conidia 
per ml andlx109 conidia per ml (x: = 20.49, p < 0.0001, df= 1). With increasing 
concentration, the longevity was reduced from 8.35 ± 0.69 days at the Ix108 conidia per ml 
to 6.95 ± 0.59 days at IxI09 conidia per ml. Dead insects at the lower concentrations (Ix106 
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and lxl07) showed lower incidence of mycoses compared with those at higher concentrations 
(Figure 4.3). Positive linear relationships between the conidia concentration and the parasitoid 
mortality (1 = 0.65, p<O.OOOI) and mycosis (r2 = 0.69, p<O.OOOI), and the corrected mortality 
(1 = 0.65, p<O.OOOI) were also observed (Figure 4.3 and Figure 4.4). At the highest 
concentrations (lx108 and lx109) few females survived more than 12 days (four out 0[20 
females). The estimated LC50 value for D. semiclausum females at 10 days was 2.03xl07 
(limits = 3.7xl06 ± 6.4x107, "l= 0.193, df= 2, slope 0.4532). 
Table 4.3 Number of days survived, mortality and mycosis of female Diadegma semiclausum 
on cabbage leaves treated with different concentrations of Beauveria bassiana (F226) conidia 
at 20 ± 2°C. 
Treatment 
control 
lxl06 
lxl07 
lxl08 
lxl09 
Estimated mean 
survival time 
days ± SE1 
16.55 ± 1.69a 
14.60 ± 1.36a 
12.85 ± 1.22a 
8.35 ± 0.69b 
6.95 ± 0.59b 
% mortality after 
10 days 
(n = 20) 
20 
30 
45 
70 
90 
*Means with the same letter are not significantly different. 
% corrected 
mortality after 
10 days 
0 
5 
20 
45 
65 
1 = Survival time estimated by Kaplan-Meier estimate of survivorship function analysis 
% parasitoids with 
mycosis (n = 20) 
0 
10 
25 
55 
75 
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Figure 4.2 Kaplan-Meier estimates of survivorship functions for Diadegma semiclausum at 
different concentrations of Beauveria bassiana isolate (F226) at 20 ± 2°C. 
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Figure 4.3 Mortality of female Diadegma semiclausum after 10 days on the cabbage leaves 
treated with different concentrations of Beauveria bassiana conidia and mycosis on cadavers 
at 20 ± 2°C. 
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Figure 4.4 Corrected mortality of female Diadegma semiclausum after 10 days on cabbage 
leaves treated with different concentrations of Beauveria bassiana conidia at 20 ± 2°C. 
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4.4.4 Discussion 
Effect of continuous exposure of parasitoids to B. bassiana 
No significant difference was observed in the survival time of paras ito ids in the control 
treatment and the lower conidia concentrations of B. bassiana but, at higher concentrations, 
longevity was decreased significantly. Similar results for P. xylostella larvae exposed to 
different conidia concentrations were obtained in experiment 2.2 (Chapter 2). Parasitoids also 
showed lower incidence of mycosis at the lower concentrations and higher incidence of 
mycosis at the higher concentrations. A similar trend was observed by Quintela & McCoy, 
(1998) for larvae of Diaprepes abbreviatus (L.) in soil when they were exposed to different 
concentrations (5x103 5x104 and 5x105) of B. bassiana but they found no mycosis on larvae 
below 5x105 conidia per gram of soil. Host defence mechanisms (Wago, 1995; Lemaitre et 
al., 1997) may be able to prevent fungal development in the haemocoel at the lower 
concentrations but larval death may occur due to mycotoxins. The histopathology of 
Conidiobolus coronatus infected Galleria mellonella (L.) larvae was investigated by Bogus & 
Szczepanik (2000) and no fungal structures were found inside the haemocoel and organs of 
the host larvae. The fat bodies of the survivors as well as of the dying insects were not 
changed and contained lipid droplets, suggesting that larval death was due to mycotoxins 
produced by the pathogenic fungus. 
No reports were found on the residual activity of B. bassiana on D. semiclausum but there are 
reports that residues of some insecticides have caused mortality of D. semiclausum adults 
when they were exposed to insecticide-treated surfaces (Iqbal et al., 1996; Haseeb et al., 
2000; Xu et al., 2004). 
As the experiment was carried out in clip cages, parasitoids were forced to walk on treated 
leaf surfaces and were not free to move away from the fungus-contaminated leaf surface. In 
the field, parasitoids could avoid this situation and may not be contaminated continuously 
with the fungus. Therefore, contamination with the fungus may be less and adult parasitoids 
may survive longer in the field. 
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4.5 Effect of pathogen on the development and survival of parasitoids when the host was 
treated first with pathogen and then is exposed to the parasitoids 
Objective: To investigate the effect of P. xyiostella larvae with different inoculation stages of 
B. bassiana on the survival and development of D. semiclausum. 
The time that elapsed after host infection by a fungus and attack by a parasitoid could be 
critical to the development and survival of the parasitoid. As time after infection increases, it 
is hypothesised that the host will become less suitable for parasitoid development and thus the 
success of the parasitoid diminished. 
4.5.1 Materials and methods 
This experiment was conducted under controlled environment conditions at 20 ± 2°C and 16:8 
L:D photoperiod. Different stages of infection in P. xyiostella larvae were obtained by 
inoculating second and third instar larvae, and the treatments were selected on the basis of the 
development stage of the fungus (Ramlee et ai., 1996). 
The treatments were: 
1. Host - without fungus, with parasitoid - control; 
2. Host - with fungus, without parasitoid (positive control); 
3. Release parasitoids one hour after spraying host with fungal conidia - fungal conidia 
are present on host body; 
4. Introduce parasitoids one day after spraying host with fungal conidia - fungal conidias 
have started to germinate; 
5. Release parasitoid three days after spraying host with fungal conidia - hyphae have 
invaded haemocoel; 
6. Release parasitoid five days after spraying host with fungal conidia - internal organs of 
insects have been heavily colonized with hyphae through whole insect body. 
The New Zealand isolate F226, of B. bassiana, was selected for the study because P. 
xylostella larvae showed high mortality to this strain (Experiment 2.2, Chapter 2)). Twenty 
groups of 20 second and third instar larvae were kept in disposable plastic Petri dishes (90 
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mm) and 100 III of fungal conidia (F226 isolate) were applied at 2x 108 by a "Paasche" single 
action airbrush. A randomized block design with four replicates was used. Immediately after 
application of fungal conidia, larvae were transferred to new Petri dishes and were provided 
with a piece of cabbage leaf as food. A 3 - 5 day old single mated female parasitoid was 
introduced to each Petri dish one hour, one day, three days and five days after conidia 
application. Parasitoids were allowed to parasitize for three hours after which time they were 
removed. The Petri dishes with larvae were kept in a controlled environment room (20 ± 2°C 
and 16:8 L:D) until all the larvae died or pupated. Larvae were observed daily and the dead 
larvae were removed and placed on a glass microscope slide in a Petri dish lined with 
moistened filter paper. The dead larvae were incubated at 20 ± 1°C and 16:8 L:D for seven 
days. They were observed daily for mycosis from cadavers. Larvae showing mycosis were 
considered to be infected insects. The experiment was continued until all the hosts had died, 
or adult moths or parasitoids emerged. 
4.5.2 Analysis of data 
The percentage of dead larvae and percentage of larvae with mycosis were used for ANOV A 
in software package SAS (SAS 6.12) to compare treatment effects. Before the analyses were 
carried out percentage values were arcsine transformed. The number of P. xylostella adults 
emerged was used for X2 analyses to determine the treatment effects on the emergence of P. 
xylostella adults. 
4.5.3 Results 
Only three parasitoids emerged from 80 P. xylostella larvae in the treatment immediately after 
inoculation (T1) and no parasitoids emerged from other fungus-treated larvae. A significantly 
larger number of moths (X2 = 27.24, P < 0.0001, df= 4) emerged from the treatments in which 
parasitoids were introduced one hour and one day after inoculation, fungus-only and 
parasitoid-only treatments than in treatments when parasitoids were introduced three days and 
five days after inoculations. No difference was observed between three days and five days 
after inoculation (Table 4.4). Mortality of host larvae was significantly higher in larvae treated 
with fungus and fungus and parasitoid together than in the parasitoid-only treatment, but there 
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were no differences among other treatments (p < 0.05, df= 15) (Table 4.5). There was no 
significant difference in the number of cadavers showing mycosis on the larvae parasitized at 
any stage after inoculation (Table 4.5). 
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Table 4.4 Mortality of parasitised Plutella xylostella larvae at different stages after inoculation with Beauveria bassiana at 20 ± 2°C. 
Treatment Number of larvae died each day over No. of % dead % moths Mean no. % parasitoids Mean no. of 
seven days after treatment (n = 80) pupae (larvae emerged ofmoths± emerged parasitoids ± 
dead and SE SE 
1 2 3 4 5 6 
pupae) 
7 
Control 1 0 4 5 2 5 5 5 33.7 41.2 8.2±0.9 25 5.0 ± 0.81 
(parasitoid 
only) 
Control (fungi 4 3 7 19 22 8 2 4 86.2 13.7 3.7 ± 1.9 
only) 
One h after 4 0 3 19 21 11 4 2 80.0 16.2 4.5 ± 2.4 3.7 0.75 ± 0.5 
inoculation 
1 day after 4 5 23 13 7 3 5 75.0 25 5.0±3.6 0 0 
inoculation 
3 days after 17 23 14 10 16 100 0 0 0 0 
inoculation 
5 days after 37 25 18 100 0 0 0 0 
inoculation 
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,Table 4.5 Mortality of parasitized Plutella xylostella larvae and proportion with mycosis at 
different stages after inoculation with Beauveria bassiana at 20 ± 2°C. 
Treatment 
Control (parasitoid 
only) 
Control (fungus only) 
Parasitoids one hour 
after inoculation 
Parasitoids one day 
after inoculation 
Parasitoids three days 
after inoculation 
Parasitoids five days 
after inoculation 
LSD 
Total number 
of larvae dead 
22 
65 
62 
55 
64 
62 
% dead 
27.5b 
81.2a 
77.5a 
68.7a 
80.0a 
77.5a 
16.1 
Total number of 
larvae with 
mycosIs 
o 
46 
45 
42 
41 
43 
** Treatments with the same letter are not significantly different (p> 0.05) (LSD for T test). 
% mycosis 
O.Ob 
70.9a 
71.4a 
73.5a 
63.8a 
65.8a 
16.2 
4.6 EtTect of pathogen on development and survival of parasitoids when the host was 
first exposed to the parasitoids and then treated with pathogen 
Objective: To investigate the effect of B. bassiana on different immature stages of D. 
semiclausum. 
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In the previous experiment, parasitoids were offered hosts already infected (at various 
intervals) with fungus. In this experiment, caterpillar hosts were parasitized, and then treated 
with fungal conidia. The aim was to determine the effects of the fungus on the development 
and survival of different life stages, viz., eggs, larvae and pupae, of the parasitoid. 
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4.6.1 Materials and methods 
About 100 second and third instar P. xylostella larvae were kept in a plastic chamber and were 
provided with cabbage leaves as food. Ten mated, female parasitoids were introduced to the 
cages and allowed to parasitize the larvae for three hours. This was repeated with other groups 
of P. xylostella larvae at six, nine and 12 days after first introduction of parasitoids to obtain 
different life stages ofparasitoid, viz., eggs from one day after parasitisation, early larval 
stage from three days, late larval stage from six days and pupae 12 days after parasitisation. 
Under laboratory conditions (22 - 26°C and 65 - 90% RH), the life cycle of D. semiclausum 
was: egg stage, 1.5 - 2 days, larval stages 5 - 8 days and pupal stage was 6 - 9 days (Ooi, 
1980). Therefore, the treatments were: 
Spraying with B. bassiana-
T1 - One day after parasitisation (eggs), 
T2 - Three days after parasitisation (early larval stage), 
T3 - Six days after parasitisation (late larval stage), 
T4 - 12 days after parasitisation (pupae), 
T5 - Control (second and third instar P. xylostella larvae exposed to parasitoids only), and 
T6 - Control (second and third instar P. xylostella larvae exposed to fungus only). 
Twenty five parasitized larvae were introduced to disposable plastic Petri dishes (85 mm 
diameter) and 100 III offungal conidia (F226 isolate) were applied at 2x108 per ml by a 
"Paasche" single action air brush in randomized block design with three replicates. 
Immediately after inoculation, larvae were transferred to new Petri dishes and were provided 
with a piece of cabbage leaf as food. 
Larvae were observed daily and dead larvae were removed from the Petri dishes, placed on a 
glass microscope slide and transferred to a Petri dish lined with moistened filter paper. These 
larvae were incubated at 20 ± 2°C and 16:8 L:D photoperiod. The number ofparasitoid adults 
that emerged from the larvae was observed until all the hosts died, or they became adults. The 
experiment was repeated three times. 
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4.6.2 Analysis of data 
The percentage of dead larvae and percentage of larvae with mycosis were used for ANOV A. 
Before analysis percentage values were arcsine transformed. Due to the non normal 
distribution of percentage of dead larvae over the time, the number of dead larvae was used 
for the "l analysis to estimate the treatment effects over the time. 
4.6.3 Results 
All parasitized stages (eggs, early and late larval stages) were dead within six days after 
inoculation with B. bassiana but pupae successfully developed to adults (Table 4.6). 
Significantly higher larval mortality was observed in all treatments at three and four days after 
application of fungus irrespective of the parasitoid life stage (X2 = 149.11, df= 5, p < 0.0001) 
(Table 4.6). The number of dead larvae that showed mycosis was significantly different 
among parasitoid development stages. A larger number of larvae with mycosis was observed 
in larvae from one day and three days after parasitisation (eggs and early larval stages of 
parasitoid) than six days after parasitisation (late larval stage ofparasitoid) (LSD = 25.24, df 
= 8, p < 0.05). No parasitoids emerged from fungus-treated larvae but, of75 parasitoid pupae 
treated, 66 parasitoid adults emerged (Table 4.6). 
.. ;.~-~:...:;...;...'--':-_ ...... ..ro-:-=--; 
~-
,..-_"'--". "':--'.-_~_·:"'~-OL'_·. -.~ 
'. -. --0_ -:: 
"~~--~-- ~ -:. ----'--- ---". , 
"'/":";~-'.!:.:,~~~ .•• ----:.", 
--- ~.------
• ___ .~-_:",-_-_-;_. ~r'_ 
,~ - -'. - :. '.-' 
-_. ". - ,. '-<"-J ~.--: '.". , 
94 
Table 4.6 Mortality of75 parasitised Plutella xylostella larvae after inoculation with 
Beauveria bassiana at different growth stages of parasitoid Diadegma semiclausum at 20 ± 
2°C. 
Treatment (days Total % No. of % No.ofP. No.ofP. No. of 
after no. of dead larvae mYCOSIS xylostella xylostella parasitoids 
parasitization) dead with pupae emerged emerged 
larvae mYCOSIS 
One day (eggs) 68 90.6a 40 53.3a 7 0 0 
Three days 67 89.3a 54 72.0a 8 0 0 
(early larval 
stage) 
Six days (late 65 86.6a 17 22.6b 10 1 0 
larval stage) 
Twelve days 0 66 
(pupae) 
Control (fungus 55 73.3b 40 3.3a 20 15 
only) 
Control 7 9.3c 0 0 25 43 
(parasitoids 
only) 
LSD 12.0 25.2 
** treatments with the same letter are not significantly different (p > 0.05). 
::. ..... _.-'_~.;~L:C_-...:...J 
-. 
-.. - .... ::. .. _.:.---"_ .. ':.,......, 
• ..-..:-'-'----~-"'->-".:..'<..'--':-"-
--'.'-' .. _-------'-"--"-
95 
. Table 4.7 Daily percentage mortality of parasitized Plutella xylostella larvae after inoculation 
with Beauveria bassiana at different growth stages of parasitoid Diadegma semiclausum at 20 
± 2°e. 
Treatment Days after treatment Total Mean no. of 
(days after % parasitoids 
parasitization) emerged± 
1 2 3 4 5 6 SE 
One 0 5.9 35.8 38.8 14.9 4.4 100 0 
Three 0 13.6 27.2 36.3 19.7 3.0 100 0 
Six 4.0 21.2 36.3 25.7 7.5 3.0 97.9 0 
Twelve 0 0 0 0 0 0 0 18 ± 0.8 
Control 0 0 0.5 0.75 0.75 3 5 6±2.1 
4.6.4 Discussion 
Parasitoids could not complete their life cycle when they parasitized different stages of 
fungus-infected P. xylostella larvae and also when different life stages of paras ito ids were 
exposed to fungus. Similarly, Furlong (2004) showed a significant reduction of adult 
parasitoid emergence occurred when P. xylostella larvae were parasitized by D. semiclausum 
and fed on cabbage leaves treated with different concentrations of B. bassiana. One reason for 
parasitoid mortality may be a lack of insect tissues within the host for growing parasitoid 
larvae. During early stages of fungal infection, there may be some uninfected tissues available 
in host larvae but, with time, the fungus may successfully invade more ofthe insect's tissues. 
At this stage, the fungus will have invaded the haemocoel and may have started to grow 
hyphal bodies inside the insect's body. Rarnlee et al. (1996) observed in Metisa plana 
(Walker) that B. bassiana invaded the fat tissue 72 hours after inoculation, and, between 96 to 
120 h after inoculation, all internal organs were heavily colonized with hyphae. A similar 
histopathological observation was recorded by Powell et al. (1986) for the aphid 
Metopolophium dirhodum infected with the fungus Pandora neoaphidis. They observed, four 
days after inoculation, that fungal hyphal bodies filled the aphid haemocoel and had 
consumed most of the tissues. In a similar study Chilcutt & Tabashnik (1997a) of P. xylostella 
,.- ........... __ . -". ~--' 
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larvae and the parasitoid Cotesia plutellae and Bacillus thuringiensis interactions, if P. 
xylostella larvae were susceptible to the B. thuringiensis the parasitoid did not affect the 
performance of the B. thuringiensis, but the B. thuringiensis had a significant negative effect 
on the parasitoid. In moderately resistant hosts, the interaction between the parasitoid and B. 
thuringiensis was symmetrical and competitive; the parasitoid had a significant negative 
effect on B. thuringiensis performance and the B. thuringiensis had a significant negative 
effect on parasitoid performance. Highly resistant hosts were not susceptible to infection by 
the B. thuringiensis, which created a refugium from competition for the parasitoid. Vey et al., 
(2001) and Furlong (2004) suggested that, although there is no evidence of infection of 
parasitoid larvae in the host body, the toxins produce by the fungi cause parasitoid mortality. 
Egg and larval stages of parasitoids died without completing their life cycle. Premature deaths 
of a parasitized host before completion of a parasitoid' s life resulted in mortality of the 
parasitoid. In experiments carried out by Chilcutt & Tabashnik (1997b), larval mortality and 
parasitoid, C. plutellae, survival did not vary as a function of the time between parasitism and 
exposure to B. thuringiensis in a colony of P. xylostella larvae susceptible to B. thuringiensis. 
In the resistant P. xylostella colony, delaying B. thuringiensis treatment from 0 - 4 days after 
parasitism occurred did not affect P. xylostella mortality, but it significantly increased 
parasitoid survival. The level of parasitoid emergence was significantly reduced in 
Bathyplectes curculionis (Thompson), a parasitoid of alfalfa weevil, Hypera postica 
(Gyllenenhal), as a consequence of the mortality caused by the pathogen Zoophthora 
phytonomi before the parasitoid could emerge (Goh et al., 1989; Berberet & Bisges, 1998). 
Toxins produced by B. bassiana may also have affected the survival of immature stages of 
parasitoids (Furlong, 2004). 
In this study, no effect of fungus was observed on the development of the pupal stage of the 
parasitoid. The silken cocoon of pupae may protect the parasitoid from the invasion of fungal 
hyphae. Two ectoparasitic ichneumonid species, Mastrus ridibundus (Gravenhorst) and 
Liotryphon caudatus (Ratz), and the nematode Steinernema carpocapsae used in classical 
biological control of codling moth pupae, Cydia pomonella L., were studied regarding their 
interactions (Lacey et al., 2003). They found that diapausing full grown parasitoid larvae were 
almost completely protected from nematode penetration within their own tightly woven 
cocoons. 
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. There was no significant difference in the mortality of P. xylostella larvae parasitized at 
different growth stages of infection (Table 4.1) but fewer larvae with mycosis were observed 
when the larvae were inoculated three days after parasitisation (Table 4.4). Similar results 
were observed by Furlong & Pell (2000) who found that infection of P. xylostella larvae with 
Z radicans three days after parasitism with D. semiclausum or C. Plutella caused a 
significant reduction in the total number of conidia produced by larvae compared with the 
number of conidia produced by unparasitized larvae and less mycosis must have lead to 
reduced conidia production. Another similar finding was reported by Kim et al. (2005) who 
found that when Aphis gossypii was treated with Lecanicillium lecanii conidia one day before 
or zero, three, five or seven days after parasitization by Aphidius colemani, a significantly 
lower proportion of cadavers exhibited mycosis was observed five or seven days after 
parasitisation than in other treatments. The lower incidence of mycosis on cadavers six days 
after infection may be as a result of feeding by the growing parasitoid larva and lack of insect 
tissues in the larval body for development of the fungus. Diadegma semiclausum parasitoid 
eggs hatch and start to develop to larvae one-two days after parasitization (Yang et al., 1993), 
after which the parasitoid larvae begin to feed on insect tissue. This may cause a reduction of 
insect tissues available for fungal growth. The other reason may be a reaction of the 
developing parasitoid against the fungus. It is suggested that the presence of fungistatic 
substances secreted by parasitoids in the haemolymph of the host impede the development of 
mycosis and enable normal parasitoid development (EI-Sufty & Fuhrer, 1981). Beauveria 
bassiana conidia germination was inhibited by the complex composition of chemical contents 
produced by the malpighian tubules and the hindgut tissue and discharged as anal secretion of 
larva of the ichneumonid Pimpla turionellae (Fuhrer & Willers, 1986). A larger number of P. 
xylostella adults emerged from the parasitization treatments just after, and one day after, 
inoculation of fungus. At these stages, the fungus is not likely to have invaded the 
haemoecoel and the host larvae were very young. Some of them may have undergone 
moulting and it may have helped them to escape from fungal infections. 
4.7 Conclusions 
These experiments have shown tested isolates of B. bassiana are pathogenic to D. 
semiclausum adults when they are directly contaminated with the fungal conidia. When 
parasitoids were continuously exposed to surfaces treated with the pathogen, as for any 
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. insecticide that acts by contact, host-searching parasitoids may be contaminated with fungal 
conidia but in this experiment this contamination is lethal only at concentrations higher than 
1 x 108 conidia per ml. 
Furthermore, the results obtained from experiments 4.4 and 4.5 showed that, in the 
competition between fungus B. bassiana and parasitoid D. semiclausum for P. xylostella 
larvae, the fungus always successfully invaded the host, but parasitoid pupae (cocoons) can 
successfully escape from the fungus and become adults. A larger number of P. xylostella 
larvae with mycoses were observed in larvae from one day and three days after parasitisation 
(eggs and early larval stages of parasitoid) than six days after parasitisation (late larval stage 
ofparasitoid). It is possible that a lack of tissues for the growing parasitoid larvae in infected 
hosts and immature death of hosts due to fungal infections can cause mortality of parasitoid 
larvae. Furthermore, it is possible that the immature stages of parasitoid larvae may be 
affected directly by fungi or toxins produced by fungi. 
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ChapterS 
Ability of Diadegma semiclausum to disseminate Beauveria 
bassiana among Plutella xylostella larvae 
5.1 Introduction 
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Insects are known for their role in the passive dispersal of fungal conidia and other micro-
organisms (Ellis, 1993; Colby et al., 1995; Hoover et al., 1995; Marroni Bada, 2003; Feng et 
al., 2004; Kreutz et al., 2004). Kluth et al.(2002) studied the interactions between the thistle 
Cirsium arvense (L.), a rust fungus Puccinia punctiformis (Str.) and three herbivorous insects, 
the aphids Aphis fabae ssp. cirsiiacanthoidis Scop. and Uroleucon cirsii (L.) and the beetle 
Cassida rubiginosa Muller. They found all three species mechanically transported conidia and 
significantly increased rates of P. punctiformis infection in healthy thistles. Another example 
is infection of the Silene alba (s. pratensis) by the Ustilago violacea. Fungal conidia are 
produced on the stamens of S. alba and insects such as bees and moths that visited these 
diseased flowers transmitted conidia to healthy flowers and caused infection (Alexander, 
1990). Honey bees foraging from a hive fitted with an inoculum dispenser at the entrance 
effectively delivered dry conidia of the entomogenous fungus Metarhizium anisopliae to the 
flowers of oilseed rape in caged field plots and caused greater mortality of pollen beetles 
(Meligethes aeneus) in treated plots than in control plots in both winter and spring sown rape 
experiments (Butt et al., 1998). 
Transmission of entomopathogens by parasitoid and predator activities has been observed by 
several workers. Fransen & van Lenteren (1993) observed, to a limited extent, the 
transmission of the entomopathogen Aschersonia aleyrodis Webber by the parasitoid 
Encarsiaformosa Gahan after probing infected hosts Trialeurodes vaporariorum 
(Westwood). Adult Plutella xylostella inoculated with the fungus Zoophthora radicans or 
Beauveria bassiana released within large field cages (16.4xI6.4x2.3 m) containing potted 
broccoli disseminated fungi amongst larvae (Vickers et al., 2004). Experiments exploring the 
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. interaction between the cereal aphid parasitoidAphidius rhopalosiphi (DeStefani-Perez) and 
the entomopathogenic fungus Pandora neoaphidis (Remaudiere & Hennebert) (Humber) 
developing on the grain aphid, Sitobion avenae (Fabricius), found greater fungal infection of 
S. avenae when parasitoids foraged with sporulating aphid cadavers than in the absence of 
foraging parasitoids (Fuentes-Contreras et al., 1998). Under laboratory conditions, Pell & 
Vandenberg (2002) contaminated predators Hippodamia convergens Guerin-Meneville with 
conidia of Paecilomyces fumosoroseus by different methods (sprayed coccinellids, 
coccinellids foraging on sprayed aphids, and those foraging in the presence of sporulating 
Diuraphis noxia (Mordvilko) cadavers) and observed the predators were able to transfer 
conidia to a healthy D. noxia population. In a study of the potential of adult and larval 
Coccinella septempunctata (L.) to vector the aphid-specific entomopathogenic fungus 
Pandora neoaphidis to pea aphids, Acyrthosiphon pisum Harris, assessed through a series of 
laboratory and field experiments. Roy et al. (2001) demonstrated that coccinellids were able 
to vector conidia from infected aphids to uninfected aphids when the inoculated coccinellids 
were transferred to A. pisum populations immediately post inoculation. 
These findings show that parasitoids and predators are able to transfer fungal conidia among 
hosts depending on the availability of conidia and the time after inoculation with the fungi. 
5.1.1 Ability of Diadegma semiclausum to disseminate Beauveria bassiana among Plutella 
xylostella larvae 
It is possible that fungal conidia may be transferred from infected larvae to healthy larvae 
when parasitoids are foraging on plants infested by infected larvae. Whether pickup and 
transfer of Beauveria bassiana conidia by Diadegma semiclausum occurs to any appreciable 
extent is not known, therefore, the study was carried out to investigate the ability of parasitoid 
to disseminate fungal conidia within a host population. 
Objective: To investigate the ability of Diadegma semiclausum to disseminate Beauveria 
bassiana among Plutella xylostella larvae. 
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5.1.2 Materials and methods 
Four replicates of20, second or third instar P. xylostella larvae were each treated with 100 ~l 
of B. bassiana (F 226) conidia (2.5x108 per ml) using the Paasche single-action airbrush as 
described in experiment 2.1 (Chapter 2). Twenty treated larvae were introduced to the lower 
part of the cabbage plant (Brassica oleracea (L) variety Capitata, cultivar Derby Day) with 6 
- 8 leaves grown in 10 cm diameter plastic pots filled with nursery potting mixture at: 
• One hour after application of fungus conidia (fungal conidia are present on insect 
body); 
• Two days after application of fungus (conidia started germination); 
• Four days after application of fungus (conidia - hyphae have invaded haemocoel); 
• Five days after application of fungus (dead larvae); and 
• Ten days after application of fungus (sporulating cadavers) after the spraying of fungal 
conidia. 
Twenty second or third untreated larvae were introduced to the upper part of the same plant at 
the same time and plants were maintained in Perspex chambers (56x56x56 cm). The 
experiment was carried out in controlled environmental conditions at 20 ± 2°C and 16:8 L:D 
photoperiod. Treated larvae were marked with a marker pen for easy identification. Two 
mated parasitoid females were then introduced to each chamber. For the control treatment 
treated and untreated larvae were introduced to plants as previously and were maintained 
without parasitoids. Twenty four hours after the introduction of parasitoids, the larvae were 
removed from the plants and were reared individually in separate Petri dishes until they died 
or pupated. 
A second experiment was done in a similar way but treated and untreated larvae were kept on 
two separate plants in the same chamber to determine the effect of parasitoids on the 
distribution of fungi between plants. Larvae were observed daily and dead larvae were 
removed from the Petri dishes and placed on a glass microscope slide in a Petri dish lined 
with moistened filter paper. The dishes with dead larvae were incubated at 20 ± 1°C and 16:8 
L:D. Sporulating cadavers were recorded as infected insects. The experiment was repeated 
four occasions. 
,5.1.3 Analysis of data 
To estimate the treatment effect, the number of dead larvae with fungal sporulation in each 
treatment was used for r analysis using the SAS package (SAS version 6.12). 
5.1.4 Results 
106 
When treated and untreated larvae were on the same plant, whether parasitoids were present 
or not, untreated larvae were infected by the fungus in the treatments of 1 hour and two days 
after application of fungal conidia, also in the treatment of untreated larvae with sporulating 
cadavers (Table 5.1). Significantly more (r = 5.89, df= 1, p < 0.01) uninfected larvae were 
infected in those treatments when parasitoids were present compared to controls. When 
treated and untreated larvae were placed on two separate plants, in the presence of parasitoids, 
there was transmission of fungus to untreated larvae in the treatments one hour after 
inoculation, two days after inoculation and sporulating cadavers but no infection was 
observed in the absence of parasitoids. No infection was observed on untreated larvae in 
treatments four and five days after inoculation in any situation such as treated and untreated 
larvae on the same plant or on separate plants and in the presence or absence of parasitoids. 
When parasitoids were present, and treated and untreated larvae were on the same plant, 
greater transmission (17 larvae) from treated larvae to untreated larvae occurred in the 
treatments of first 24 hours after application of fungal conidia and untreated larvae with 
sporulating cadavers (15 larvae). This result was significantly higher (r = 9.00, df= 2, p < 
0.01) than the number oflarvae infected (seven larvae) two days after inoculation when 
parasitoids were present and infected and uninfected larvae were on the same plant. Even 
without parasitoids, when treated and untreated larvae were on the same plant, some 
transmission of fungi was observed in the first 24 hours after application (five larvae) and 
with sporulating cadavers (eight larvae). This was significantly lower (r = 5.89, df= 1, p < 
O.pl) than the value observed in the presence of paras ito ids. When the parasitoids were 
~_/( present and the treated and untreated larvae were on two plants, few infected larvae were 
observed in the treatment two days after application of fungal conidia (three larvae) but not in 
absence of parasitoids. A few infections were observed when the treated and untreated larvae 
were on two separate plants in the treatments one hour after inoculation and in sporulating 
cadavers (four larvae) and the presence of paras ito ids. 
;-,~ 
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When treated and untreated larvae were reared together on the same plant, irrespective of 
presence or absence of parasitoids, and on two separate plants when parasitoids were present, 
treated and untreated larvae tend to intermingle and this resulted in contaminating uninfected 
larvae with fungal conidia. 
Table 5.1 Total number of dead Plutella xylostella larvae with mycosis at different times after 
application of Beauveria bassiana in presence and absence of adult parasitoid Diadegma 
semiclausum when larvae were on the same and two different cabbage plants. 
Treatment Treated and untreated larvae on the Treated and untreated larvae on 
(time after same plant (n = 60) separate plants (n = 60) 
application of Total number of Total number Total number Total number 
fungus) dead untreated dead untreated dead untreated dead untreated 
larvae with larvae with larvae with larvae with 
mYCOSIS III mycosIs III mycoSIS III mycoSIS III 
presence of absence of presence of absence of 
parasitoids parasitoids parasitoids parasitoids 
One hour 17 5 1 0 
Two days 7 3 0 0 
Four days 0 0 0 0 
Five days 0 0 0 0 
(dead larvae) 
Ten days 15 8 4 0 
( sporulating 
cadavers) 
5.2 Attachment of conidia to larval cuticle 
Objective: To estimate the duration of attachment of conidia to the insect cuticle. 
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5.2.1 Introduction 
The results in experiment 5.1 showed that, in the presence of parasitoids, fungus could be 
transferred from infected larvae to uninfected larvae in the first 48 hours after inoculation and 
from sporulating cadavers. This could be due to availability of fungal conidia on the host 
cuticle in first few days after application of fungus to the host. An experiment was carried out 
to investigate the duration of conidia availability on the insect cuticle to understand the 
transmission of the disease from infected larvae to uninfected larvae by using fluorescein 
isothiocyanate (FITC) and propidium iodide (PI). FITC undergoes hydrolysis in living cells to 
produce carboxy-fluorescein and PI is a dye that enters the cell due to the permeability of the 
plasma membrane of damaged or dead cells (Oparka, 1991). 
5.2.2 Materials and methods 
Estimation of the duration of attachment of fungal conidia to the insect body was done by 
staining fungus with fluorescein isothiocyanate (FITC) (1 mg per ml in 50 mM carbonate 
buffer Appendix 1) and propidium iodide (100 Ilg per ml). Conidia of B. bassiana strain F226 
were suspended in sterile distilled water at 2xl08 conidia per ml. One ml of this suspension 
was placed in an Ependofftube and centrifuged for five minutes at 8000 rpm. The supernatant 
was then removed and 100 III of FITC added to the pellet in the tube and incubated in the dark 
at 4°C for 18 hours. The following day, the fungus pellet was washed three times in 1 ml of 
0.1 M phosphate buffered saline (PBS) (Appendix 2) and re-suspended in 100 III sterile 
distilled water. Then 10 III ofpropidium iodide (PI) was added to the suspension and few 
drops were applied to each of 25 P. xylostella larvae. The cuticles of those larvae were 
observed under the fluorescence microscope, 15 minutes, 24, 48 and 72 hours after 
application and four treated larvae were used in each occasion. Three samples of 100 conidia 
were counted from each of the four larvae to estimate the percent germination of conidia. The 
cuticle was obtained by removing the head and the anterior part of the body of the larva and 
then the interior contents were expelled by crushing the larva gently on a microscope slide. 
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5.2.3 Results 
Attachment of fungal conidia to the insect cuticle was observed 15 minutes after application 
of conidia suspensions to the larvae (Plate 5.1) and 98.00 ± 0.7% of conidia were viable . After 
24 hours, 6.8 ± 2.2% of conidia were observed germinating on the cuticle (Plate 5.2) whereas 
after 48 hours 85.80 ± 4.5% conidia germination was observed (Plate 5.3). No conidia were 
observed on the cuticle 72 hours after application because they must have germinated or 
detached. 
Plate 5. 1 Beauveria bassiana conidia on the cuticle of Ph,lella xylastella larvae 15 minutes 
after application (Fluorescein isothiocyanate staining of fungal conidia, 10xi00 
magnifications). 
Plate 5. 2 Beauveria bassiana conidia on the cuticle of Pilitefla xylostella larvae 24 hours 
after app lication (Fluorescein isothiocyanate staining of fungal conidia, lOx I 00 
magnifications). 
Plate 5. 3 Beallveria bassiana conidia on the cuticle of Plutella xylostefla larvae 48 hours 
after application (Fluorescein isothiocyanate stain ing of fungal conidia, lOx 100 
magni fications). 
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5.3 Discussion 
Fungus may be transferred from treated larvae to untreated larvae by wind (Airaudia & 
Marchisio, 1996; Shimazu et al., 2002), by contamination with treated larvae or by parasitoids 
(Fuentes-Contreras et al., 1998; Pell & Vandenberg, 2002; Vickers et al., 2004). In 
experiment 5.1, in the presence of parasitoids, more fungal conidia were transferred from 
treated larvae to untreated larvae in the first three days after inoculation, and from sporulating 
cadavers, to uninfected larvae. When treated and untreated larvae were on the same plant and 
parasitoids were present, treated and untreated larvae intermingled when larvae tried to escape 
from parasitoids' attacks. When treated and untreated larvae on separate plants and parasitoids 
were present, the parasitoids could encourage larvae to intermingle to some extent by forcing 
larvae to move between plants. Also, when treated and untreated larvae were on the same 
plant, even without parasitoids, they intermingled. But when treated and untreated larvae were 
on two separate plants and no parasitoids were present there was little disturbance of larvae 
and no mixing was observed. This is considered mixing may help to contaminate uninfected 
larvae with fungal conidia from infected larvae. 
The experiments investigating conidia attachment showed fungal conidia are available on 
insect cuticles in the first three days after application. In this study, no dead larvae with 
sporulations were observed from the treatment four days after inoculation. The behaviour 
studies of parasitoids in experiment 3.4 showed that when parasitoids attacked infected larvae, 
they spent more time grooming their bodies. This grooming activity may result in removal of 
conidia from a parasitoid's ovipositor if there are conidia on it and this suggests that 
parasitoids would be unlikely to transfer fungal conidia from the cuticle of infected larvae to 
uninfected larvae. The behaviour studies of paras ito ids on infected larvae in experiment 3.5 
showed that parasitoids did not attack or encounter dead larvae. Therefore, even if fungal 
conidia are present on the dead infected insect body, there is little possibility of transferring 
the fungi among larvae due to no contact with fungal conidia. Even without parasitoids, 
treated larvae or sporulating cadavers could transmit the disease to untreated larvae when they 
were on the same plant. Furlong & Pell (2001) observed transmission of B. bassiana and Z. 
radicans when the sporulating cadavers of P. xylastella larvae and healthy larvae were on the 
same plant without any involvement of parasitoids. In a laboratory study an increased level of 
Z. radicans infection was observed in P. xylastella larvae in the presence of D. semiclausum 
though the parasitoid could not mechanically vector fungal conidia from infected hosts to 
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uninfected hosts. It was suggested that greater movement of larvae could account for 
increased infection (Furlong & Pell, 1996). Absence of dead larvae with mycosis when treated 
and untreated larvae were in separate plants in the absence of parasitoids provides evidence 
that conidia were not transferred by wind in the experimental cages. 
5.4 Conclusions 
These results suggest that when treated and untreated P. xylostella larvae were reared on the 
same plant or on separate plants, if they intermingle, contamination of the fungus from treated 
larvae to untreated larvae occurred in first three days after inoculation of larvae with the 
fungus. Conidia transfer also occurred from sporulating cadavers to untreated larvae. 
Intermingling was greater when parasitoids were present, which helped to disseminate the 
fungus among hosts even though there is no evidence of direct transmission of fungal conidia 
among hosts by the parasitoids. Furthermore, it can be concluded that transmission of fungus 
occurred only from fungal conidia attached to the P. xylostella cuticle. 
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Chapter 6 
Susceptibility of Diadegma semiclausum a parasitoid of 
diamondback moth, Plutella xylostella to the entomopathogenic 
fungus Beauveria bassiana in field cages 
6.1 Introduction 
Much of the experimental work in this study has focused on laboratory or controlled 
environment situations to provide control over experimental variables, and thus a better 
opportunity to determine cause and effect of treatments. How readily the inferences drawn 
from these experiments can be transferred to the field is debatable, and thus field experiments 
to evaluate interactions between P. xylostella, its parasitoids and the fungal pathogen were 
carried out. 
Studies on the direct susceptibility of predators or parasitoids to entomopathogenic fungi have 
largely been carried out under laboratory conditions that favour the fungus (Lacey & 
Mesquita, 2002; Pell & Roy, 2002). However, under field conditions, predators and 
parasitoids are far less likely to be at risk unless there are prolonged periods of high humidity 
or the insects are stressed (Donegan & Lighthart, 1989; Pell & Vandenberg, 2002). For 
example, James et al. (1995) demonstrated that the convergent ladybird, Hippodamia 
convergens Guerin-Meneville, was susceptible to infection by Beauveria bassiana in the 
laboratory but in the field, pathogenicity varied with weather conditions. Early in the season, 
the incidence of the ladybird was reduced by 75 - 93% even at low concentrations of the 
fungus but the ladybird was not affected later in the season when it was hotter and dryer. 
The effect of B. bassiana in insect control is often influenced by environmental conditions. In 
the laboratory, high mortality of target insects often results. However, when B. bassiana is 
applied in the field, mortality can be low and control unsatisfactory (James et al., 1995; Inglis 
et al., 1997). Limited efficacy in the field has been attributed to sub optimal temperatures, 
behavioural thermoregulation (Inglis et al., 1996), UV light exposure (Fargues et al., 1996), 
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insufficient delivery of pathogens (Tanada & Kaya, 1993), insect behaviour and moulting 
(Vandenberg et al., 1998a). 
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The objective of this study was to determine the susceptibility of host and parasitoid to the 
fungus and the interactions amongst host, pathogen and parasitoid under field conditions 
(ecological susceptibility). Therefore, field cage experiments were carried out to evaluate the 
effect of B. bassiana and D. semiclausum on the management of P. xylostella and host, 
pathogen, parasitoid interactions under field conditions. 
6.2 Materials and methods 
Experiments were conducted over two seasons, early summer 2003 (November to January) 
and autumn 2004 (March to May) at the Biological Husbandry Unit, Lincoln University. 
Cabbage seeds (cultivar Cabarel hybrid, Yates Vegetable Seeds Private Limited, New 
Zealand) were raised in seed trays using a nursery mixture of 5: 1 compost bark and pumice. 
Five-week-old plants were established in the field at 60 cm between and 40 cm within rows. 
There were six plants per plot. In the early summer experiment, six weeks after field planting, 
four randomly selected plants in each plot were infested with P. xylostella eggs by pinning 
leaf disks containing approximately 100 eggs to the underside of one leaf of each plant. Each 
experimental plot was covered with a cage (120x120x90 cm) lined with insect-proof nets to 
prevent cross contamination between treatments with parasitoids and no parasitoids. Access to 
the plants was through two sides of the cage with Velcro ® tapes to facilitate treatment 
applications and data collection (Plate 6.1). 
Fungal conidia (F226) were scraped from the surface of 14 - 21 days old cultures and were 
suspended in 0.01 % Triton X-lOa. Conidia concentrations were estimated using a 
haemocytometer and were adjusted, as needed, using additional 0.01 % Triton X-lOa. Fungus 
was applied 10 days after introduction of eggs to the plants, at the rate of 5x1 013 conidia per 
ha, equivalent to the recommended level for field application (280 I of suspension at the rate 
of2 xl 08 spores per ml). Conidia were applied two hours before introduction of parasitoids, to 
the field once for the sub treatments t2 and t4 in main treatment T1, and twice at a three day 
interval for the sub treatments t2 and t4 in main treatment T2 by a hand sprayer. The 
calculated spray volume was 7.5 ml per plant. Control plots were sprayed only with the 0.01 % 
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Triton X- IOO (sub treatment II ), parasitoid only treatment (sub treatment (3) was also treated 
with 0.01 % Triton X- lOO as control plots. Two 3 - 5 day old mated female parasitoids were 
released into the cages of sub treatments t3 and t4, two hours after the first application of 
fungus. 
Two cabbage plants were removed from the fi eld at the time of treatment application and 
were used to measure the leaf area by a leaf area meter (Lambda Instruments Corporation, 
USA, Model LJ- 3000) . Four data loggers (Tinytag, PT 100, Gemini Data Loggers UK 
Limited) were installed inside four of the cages to measure temperature and relative humidity 
during the experimental period. 
Plate 6. 1 Field cage experiment of susceptibility of Diadegma semiclausum and Phi/ella 
xy /as/ella to Beauveria bassiana. 
Experimental design - Split Plot Design with completely randomized blocks 
Main treatments 
Sub treatments 
T1 - Single application 
T2 - Two applications at 3 days interval 
tl- control (0.01 % Triton X-100 only) 
t2 - fungus at the rate of 5x1013 /ha 
t3 - parasitoid and 0.01 % Triton X-I 00 
t4 - parasitoid and fungus 
Number of replicates = 3 
(Experimental layout - Appendix 3) 
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For the experiment carried out in early summer 2003, the number oflive and dead larvae was 
recorded daily from two randomly selected plants for 21 days from 18112/2003 to 07/0112004, 
two days after first application of treatments, and the data were recorded from the same plants 
until all larvae on those plants pupated or died. Dead larvae were removed from the plants and 
were incubated in the laboratory at 20 ± 1°C and 16:8 L:D photoperiod to facilitate fungal 
growth. Parasitoid pupae from those two plants also were removed from the field and the 
emergence of parasitoid adults was recorded. 
For the experiment in autumn 2004, instead of introducing eggs, 20 second instar larvae were 
placed on each test plant six weeks after field planting. The leaves with larvae were kept in 90 
cm Petri dishes clipped to the plants. When the leaves had dried off, Petri dishes were 
removed, and if there were any larvae on the dried leaf, they were carefully removed from the 
leaf and placed back on the same plant. Plastic sheets were put on the soil under the plants as 
a ground cover around the plant. The top of these plastic sheets as coated with insect adhesive 
solution to capture larvae that fell from the plants. Fungus was applied four days after 
introduction of larvae to the plants as in previous experiment. Three weeks after each 
treatment applications the sample plants were cut and removed and were brought to the 
laboratory. The number of P. xylostella larvae and pupae and parasitoid pupae per plant were 
recorded. At the end of the experiment, the number of larvae and pupae trapped on the 
adhesive sheets also was counted. 
6.3 Analysis of data 
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The percentage of larvae surviving on each plant after 21 days after first application of fungus 
was used for ANOV A using the SAS package (SAS 6.12). Percentage data were transformed 
using an angular transformation and number of larvae was transformed to square root values 
before analysis. 
6.4 Results 
The mean plant leaf area at the time of treatment applications was 2659 ± 3.14 cm2 in early 
summer and 2155 ± 26 cm2 in autumn. The total spray volume applied to the 24 plants was 
180 ml, equating to about 7.5 ml per plant. Therefore, the conidia concentration was a 
maximum of approximately 6.5 x 105 conidia per cm-2 assuming all spray was deposited on 
the leaf surface. 
The temperature in the cages during the experimental periods fluctuated diurnally and 
seasonally. In early summer, the mean day temperature (6.00 am to 6.00 pm) was 25.4°C 
(35.2 -10.6°C) and mean night temperature (6.00 pm to 6.00 am) was 13.0°C (25.5 - 4.1 °C). 
In autumn it was fluctuated from 14.1°C (33.4 - 1.2°C) during the day time to 5.3°C (15.1 -
2°C) during the night (Figure 6.1). 
Relative humidity in the cages fluctuated from 100% - 40% in early summer and from 100% 
- 22% in autumn. In autumn, a higher night time RH was observed compared with day time 
RH (Figure 6.2). 
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A decreasing number of larvae per plant was observed in all sub treatments throughout the 
experimental period in early summer (Figure 6.3), but the number oflarvae in the control 
treatment was significantly larger (p < 0.05, df= 40) than other treatments 21 days after 
treatment. 
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There was no significant difference in the survival of P. xylostella larvae or the number of 
parasitoid pupae between the single fungal application and two applications three days apart 
in either season (Table 6.1). 
A significant difference (p < 0.05, df= 40) among treatments was observed in the number of 
larvae that survived after 21 days in both seasons. In the early summer 2003 experiment, 
initial larval population was reduced to 23.6 ± 4.6 % in fungus-only treatments whereas the 
initial larval population was reduced to 41.7 ± 2.5% in control treatment. A similar pattern of 
decreasing P. xylostella larval population was observed in the autumn 2004 experiment. The 
larval population was reduced to 42.2 ± 8.3% in fungus treatment whereas the larval 
population was reduced to 69.7 ± 8.0% in control treatment (Table 6.2). 
P. xylostella larval population reduced to 21.0 ± 4.9 % in parasitoid-only treatments and this 
was significantly different (p < 0.05, df= 40) with control treatments in early summer, but 
did not show a difference (p> 0.05, df= 40) with fungus only treatment or fungus and 
parasitoid combined treatments (Table 6.2). In autumn 2004 parasitoids reduced the larval 
population only to 66.4% whereas the larval population to 69.7% in control treatments and no 
significant difference was observed. 
The combined treatment of fungus and parasitoid significantly (p < 0.05, df= 40) reduced the 
larval population to 17.3 ± 5.9% in early summer 2003 and 45.6 ± 7.3% in autumn 2004. The 
combined treatment of fungus and parasitoid was not significantly different (p> 0.05, df= 40) 
from the fungus only treatment in both seasons. Also, a higher number of P. xylostella larvae 
survived during autumn. 
The number of parasitoid pupae per plant was 1.00 ±0.9 in the parasitoid-only treatment and 
0.75 ±0.8 in the parasitoid and fungus treatment in early summer and 0.91 ± 0.8 and 0.50 ± 
0.4 in autumn, respectively. There was no significant difference (p> 0.05, df= 40) between 
the parasitoid-only treatment and parasitoid-plus-fungus combined treatment. 
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Table 6.1 Percentage of Plutella xylostella larvae surviving and the number of Diadegma 
semiclausum pupae in summer 2003 and autumn 2004,21 days after treatment with two 
application levels of the fungus Beauveria bassiana. 
% of P. xylostella larvae Number of parasitoid 
Treatment surviving after 21 days pupae/plant 
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early autumn early summer autumn 
summer 
Single application 27.1 ± 5.1b 54.9 ± 8.0b 0.58 ± 0.03 0.54± 0.07 
Two applications in three 26.9 ± 5.4b 57.1 ± 6.8b 0.29 ± 0.04 0.57 ± 0.61 
days interval 
Control 4l.7 ± 2 .5a 7l.7 ± 8.0a 0 0 
LSD 10.3 12.4 0.43 0.14 
* * Treatments with the same letter in columns are not significantly different (p>O.05) 
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Figure 6.3 Mean numbers of Plutella xylostella larvae and pupae on cabbage plants 21 days 
after treatment application in early summer 2003. 
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Table 6.2. Percentage and number of Plutella xylostella larvae surviving and the number of Diadegma semiclausum pupae 21 days after 
treatment with Beauveria bassiana and introduction of Diadegma semiclausum in early summer 2003 and autumn 2004. 
Early summer 2004 Autumn 2004 
Initial mean Number±SE %ofP. Number of Initial no. ± No. ± SE of. P. %ofP. Number of 
no.± SEofP. of P. xylostella xylostella parasitoid SE ofP. xylostella xylostella parasitoid 
Treatment xylostella larvae survive larvae survive pupae/ xylostella larvae survive larvae survive pupae/plant 
larvae after 21 days after 21 days plant larvae after 21 days after 21 days 
per plant per plant 
Control 18.91 ±2.93 7.5 ± 2.7 41.7a 0 8.3 ± 2.1 5.8 ±2.7a 69.7a 0 
Fungus 16.66 ± 5.64 4.6 ±4.0 23.6b 0 7.5 ±3.2 3.0±2.2b 42.2b 0 
only 
Parasitoid 18.25 ±6.l6 3.9 ±3.3 21.0b 1.00a 7.8 ±3.4 5.4 ± 3.4a 66.4a 0.91a 
only 
Fungus and 17.58 ±4.25 3.2 ±4.3 17.3b 0.75a 6.8 ± 3.3 3.3 ± 2.9b 45.6b 0.50a 
parasitoid 
LSD 14.6 0.61 2.8 2.0 20.7 0.44 
** Treatments with the same letter are not significantly different (p>O.05). 
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, 6.5 Discussion 
The average number of P. xylostella larvae per plant at the time of treatment application was 
17.97 ± 4.87 in early summer and 7.60 ± 3.02 in autumn. This was much larger than a natural 
infestation observed by Walker et al. (2003) in unsprayed experimental fields in the North 
Island of New Zealand, recorded a maximum average of eight larvae per plant in early 
summer and maximum of two larvae per plant in autumn. A decreasing P. xylostella 
population was observed in control treatments in both seasons. This population decline may 
be a result of competition (Karimzadeh et at., 2004) or caused by natural epizootics. Walker 
et al. (2003) observed a natural decrease oflarval populations due to an epizootic of 
Zoophthora radicans in mid to late January 2000. A similar decrease in larval population due 
to Entomophthora (Zoophthora) sphaerosperma (Zoophthora radicans) was recorded by 
Robertson (1939) in Manawatu and Hawke's Bay, North Island, New Zealand. Even though a 
decreasing larval population was recorded in this experiment, no epizootic was observed. 
There was no significant difference in the survival of P. xylostella larvae or number parasitoid 
pupae between the single application of fungus and two applications three days apart in either 
season (Table 6.1). Under field conditions, a half-life of 2 - 5 days has been reported for B. 
bassiana (Gardner et al., 1977). Inglis et at. (1993) obtained a 75% reduction of conidial 
population four days after treatment when B. bassiana conidia were applied on phylloplanes 
of crested wheatgrass Agropyron cristatum (L.) and lucerne Medicago sativa (L.). Daoust & 
Pereira, (1986) reported reduced germination of B. bassiana conidia recovered from cowpea 
Vigna unguiculata (L.) foliage in the field; conidial half lives were 1 - 2 days and no conidia 
were viable after one week. Assuming that applied fungus conidia were ineffective after a few 
days the second application was done after three days in this work. This application had no 
effect on the survival of P. xylostella larvae in either season. One of the reasons for this may 
be the prolonged persistence of fungal conidia on leaves under cage conditions. The efficacy 
of B. bassiana applied as conidia in Mycotrol R WP was tested by Shelton et al. (1998) 
against P. xylostella larvae on the leaves of cabbage seedlings in a screen house. They found 
Mycotrol persisted on treated leaves for more than 2 weeks. Kouassi et al. (2003) found no 
significant difference in colony forming units of B. bassiana up to 26 days under field 
conditions when applied to lettuce foliage (Lactuca sativa L.) and celery (Apium graveolens 
L.). Furthermore, they observed no significant difference in the mortality of tarnished plant 
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bug, Lygus lineolaris (Palisot de Beauvois), when fed with lettuce and celery leaves 
immediately after treatment application and every other day for 26 days. Vandenberg et al., 
(1998b) found the application of a commercial preparation of B. bassiana (Mycotrol wettable 
powder 5x1013 conidia per hectare) once and twice (three day interval) and Mycotrol 
emulsifiable suspension at 1Ax1 014 conidia per hectare reduced the survival of P. xylostella 
larvae on cabbage grown in the field. They found no significant difference among one and 
two applications and also one application of Mycotrol emulsifiable suspension. 
The temperature that prevailed in the cages during the experimental periods fluctuated 
diurnally and seasonally. These fluctuating temperatures may have been affected by the 
infection process. Inglis et al. (1999) investigated the effect of oscillating temperatures on the 
competitive infection and colonization of grasshoppers (Melanoplus sanguinipes (Fabricius)), 
by B. bassiana and M anisopliae var. acridum (Metch) applied alone and in combination. 
They observed the nymphal mortality and proliferation of the fungus in the haemocoel 
decreased when the temperature changed. In the investigation of the influence of temperature 
on life history traits of four clones of pea aphid, Acyrthosiphon pisum (Harris) clones, 
together with their resistance to one genotype of the fungal entomopathogen P. neoaphidis 
significant differences amongst clones in susceptibility to the pathogen were observed. These 
differences were influenced by temperature; optimum growth occurred at 20°C (Stacey et al., 
2003). 
Relative humidity also fluctuated in the cages (100% - 40% in early summer, 100% - 22% in 
autumn). Other than the natural causes and rainfall, sprinkler irrigation also must have 
affected these fluctuations, but it is less likely to have affected the infection process of the 
fungus to larvae. Several authors have reported that relative humidity has no effect on 
infection by B. bassiana. In laboratory tests, Marcandier & Khachatourians (1987) studied the 
susceptibility of Melanoplus sanguinipes to B. bassiana conidia under different RH 
conditions of 12,33, 76, 100% and no significant difference was observed in the final 
mortality of the treated grasshoppers or in the LTso values. However, they found that the daily 
rate of mortality after treatment was higher at 76% RH than at 33% RH and natural mortality 
also was high at 100% RH. Ramoska (1984) investigated the pathogenicity of B. bassiana to 
chinch bug, Blissus leucopterus hirtus, in RHs of 0, 30, 50, 75 and 100% in the laboratory. 
External fungal growth was found only on cadavers within the 50% and below RH range. 
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The parasitisation was lower in autumn 2004 compared with summer 2003. The lower 
temperatures in autumn compared with early summer may have caused the reduced 
effectiveness of parasitisation of larvae in autumn (Figure 6.1). In the autumn, the prevailing 
temperatures during most days were less than 15°C whereas in early summer, the average day 
temperature was higher than 20°C except for one day. Idris & Grafius (1998) observed a 
positive correlation between the activity of the parasitoid D. insulare and field temperature. 
The optimum temperature for D. insulare activity is 15°C. Bolter & Laing (1983) reported 
that the number of eggs laid by D. insulare was significantly lower at lower temperatures than 
higher temperatures (94.4 eggs/female at 17°C and 786.2 eggs/female at 25°C). Laboratory 
studies by Talekar & Yang (1991) indicated that the temperature range of 15 - 20°C is 
optimum for D. semiclaususm. 
Fungus alone and parsitoids alone reduced the P. xylostella larval population in early summer 
2003 but no additive effect was observed in fungus and parasitoids combined treatments. 
Even though it seems fungus had reduced the effect of parasitism, a significant difference in 
the number of parasitoid pupae was not observed in this experiment. 
The results of this study showed there was no direct impact of the fungus B. bassiana on 
parasitoid survival under field conditions. Similar results have been reported for different 
fungus-parasitoid combinations. Pope et al. (2002) conducted a study on aphids and their 
fungal pathogens, to investigate the influence of the fungal pathogen P. neoaphidis on aphid 
population and community ecology. In field experiments performed for two years to test 
whether two susceptible aphid species on different host plants might interact through the 
shared fungal pathogen, no strong pathogen-mediated indirect interactions (apparent 
competition) between populations of pea aphid Acyrthosiphon pisum and nettle aphid, 
Microlophium carnosum Buckton, were detected. In experiments conducted to control 
Diuraphis noxia (Mordvilko) on barley under field conditions in France, the parasitoid 
Aphelinus asychis Walker and the hyphomycete fungus P. fumosoroseus were evaluated 
separately and in combination against confined populations of D. noxia. An additive effect of 
P. fumosoroseus and A. asychis in aphid control was found with no detrimental effects on the 
percentage of either parasitism or parasitoid emergence when the two agents were used 
together (Mesquita et al., 1997). No difference was found in the abundance of major 
predators, parasitoids and pollinators in mixed-grass rangeland in North Dakota, USA, after 
_L ___ ·P";;::~,,,·:;,·-·: 
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spraying the B. bassiana strain GHA at 1 x 1013 conidia in 1.89 litres of oil per 00405 ha for 
grasshopper suppression (Brinkman & Fuller, 1999). 
6.6 Conclusions 
These results suggest there is the potential to use of B. bassiana to control P. xylostella 
populations in the field when applied during summer and autumn cabbage cultivation. 
Furthermore, this showed B. bassiana and D. semiclausum can be used in the field in early 
summer crop without any adverse interactions and no harmful effect of the fungus on the 
parasitoid. Parasitoids did not perform well with an autumn cabbage crop. 
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Chapter 7 
General Discussion 
Biological control is one of few alternatives to the use of chemical insecticides for controlling 
insect pests (Hokkanen, 1997). Biological control of insects exploits natural enemies (parasitoids, 
predators and pathogens) to reduce or maintain insect pest populations below an economic, action 
or aesthetic threshold (De Batch & Robinson, 1991). Many biological control programmes rely 
heavily on naturally occurring or introduced predatory and parasitic arthropods. In addition to 
predators and parasitoids, entomopathogens could playa significant role in the reduction of insect 
pests through their natural occurrence or by inoculative or inundative introduction (Lacey et al., 
1997). Microbial and arthropod natural enemies can contribute to suppression of pest populations 
as individual species or as species complexes, but it is generally considered that complexes of 
natural enemies, rather than single species, provide more effective reduction of pest species 
(Brooks, 1993; Pell & Roy, 2002). 
Although many entomopathogens are specific to their hosts, some have the potential to interfere 
with the activity of insect natural enemies by directly infecting them or indirectly by competing 
for hosts or killing parasitized hosts before successful emergence of paras ito ids occurs (Goettel et 
al., 1990; Brooks, 1993). Interactions between natural enemies are often studied in simplified 
laboratory arenas (Chang, 1996). Although such arenas indicate the potential for natural enemies 
to interact, they seldom reflect the complexities in the multidimensional environment of the field 
situation. Furthermore, such studies are often limited to examination of trophic interactions, and 
ignore other aspects of the relationship between species such as behaviour (Roy & Pell, 2000). 
Therefore, it is important to assess the interactions between biological control agents in various 
environments (laboratory as well as in the field). 
Because of the economic importance of Plutella xylostella and the fact that it has become 
resistant to most classes of insecticides, there has been increasing interest in developing an 
integrated pest management (IPM) programme with minimum use of insecticides for this pest 
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(Geoghiou, 1981; Talekar & Shelton, 1993; Furlong & Pell, 2001). Worldwide, a large number of 
parasitoid species attack P. xylostella and it is thought that biological control could play an 
important part in IPM programmes (Beck & Cameron, 1990; Talekar & Shelton, 1993; Yang et 
al., 1993, 1994; Berry, 2000; Vandenberg, 1990). However, one species, Diadegma semiclausum, 
is reported to be superior in locating and parasitizing P. xylostella (Chua & Ooi, 1986; Lim, 1986; 
Wang & Keller, 2002). In addition, there is increasing interest in the use of pathogens such as 
Beauveria bassiana to control P. xylostella. Different isolates of B. bassiana have been evaluated 
by several workers and many are pathogenic (Ibrahim & Low, 1993; Selman et al., 1997; Masuda, 
1998; Ma-Jun et al., 1999; Yoon et al., 1999; Acuna & Carballo, 2000). The possibility of using 
a combination of parasitoid and pathogen in integrated pest management of P. xylostella has also 
been considered (Geoghiou, 1981; Talekar & Shelton, 1993; Furlong & Pell, 2001). There is 
some evidence on the effects of application of microbial insecticides on non-target species (James 
& Lighthart, 1994; James et al., 1995; Lacey et al., 1997; Askary & Brodeur, 1999) but no 
records are available on interactions among the host, pathogen and parasitoid system of P. 
xylostella, B. bassiana and D. semiclausum. Therefore, investigation of the interactions amongst 
this host (P. xylostella), pathogen (B. bassiana) and parasitoid (D. semiclausum) was the main 
aim of this thesis. 
7.1 Pathogenicity of Beauveria bassiana 
Objectives and key results 
The first objective of this study was to determine the pathogenicity of B. bassiana isolates from 
the culture collection at AgResearch, Lincoln, Canterbury, New Zealand, to P. xylostella larvae. 
Comparison of those isolates not originally collected from P. xylostella with the isolates that 
originated from P. xylostella larvae or have proven to be pathogenic to P. xylostella larvae from 
the ARSEF culture collection in the USA was a further objective of this study (Chapter 2). Key 
findings were as follows: 
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• All tested B. bassiana isolates were pathogenic to P. xyiostella larvae and D. semiciausum 
adults. 
• New Zealand isolates of B. bassiana were as virulent as ARSEF isolates to P. xyiostella 
and D. semiclausum although no New Zealand isolate tested in this study originated from 
P. xyiostella. 
• The lowest L T 50 value (i.e., the quickest acting) was found for by the New Zealand isolate 
F226. 
• With increased conidia concentrations, a higher percentage of cadavers developed 
mycosIs. 
Tested B. bassiana isolates were pathogenic to P. xyiostella larvae and showed no difference 
among isolates. Pathogenicity of isolates F226, F130, ARSEF 2729 and ARSEF 3288 against 
female parasitoids was evaluated under laboratory conditions. These isolates caused high 
mortality among parasitoid females when they were directly exposed to the fungal spores 
(Chapter 4, Experiment 4.2). No previous records of direct exposure of B. bassiana to D. 
semiciausum are available. However, in other studies direct inoculation with B. bassiana 
produced high mortalities among predators (Bourassa et ai., 2001; Lord, 2001) and parasitoids 
(Rosa et ai., 2000). Furlong & Pell (1996) found 90% mortality of D. semiclausum adults when 
they were showered with the conidia of the fungus Zoophthora radicans. 
This indicates that the B. bassiana strains tested have high pathogenicity to P. xyiostella larvae as 
well as D. semiclausum females under conditions favourable to the fungus. This is, perhaps, not 
surprising as B. bassiana is pathogenic to wide host range of over 300 insect species in almost all 
the insect orders (Crespo & Alvarez, 1997; Maurer et ai., 1997; Devi et al., 2001; Bidochka et ai., 
2002). Results from this study confirm this by demonstrating pathogenicity to P. xyiostella and D. 
semiclausum irrespective of the original insect host of respective strains, although some variation 
occurred among strains. The genetic diversity of B. bassiana strains apparently results from 
genetic variations within geographical populations and not from the host range (Maurer et al., 
1997; Wang et al., 2003; Wang et ai., 2004). However, this pathogenicity of B. bassiana under 
laboratory conditions may not be equivalent to that in the field and, therefore, attempts should be 
made to conduct experiments under conditions which mimic field environments. My results 
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suggest field evaluation of New Zealand isolates would be useful because these appear to have 
similar virulence to the USA isolates which have proven field efficacy to P. xylostella. 
Use ofbioassays to assess the effects of entomopathogenic fungi in insects is essentially limitless 
and unfortunately, there are no standardized bioassay methods for entomopathogenic fungi (Butt 
& Goetel, 2000). Ideally, a bioassay method must be simple and for some applications, simulate 
the conditions offield treatments as closely as possible (Cane et al., 1995; Ricci et al., 1996). 
Ultimately, a bioassay must be adapted to suit the host, pathogen and the objectives of the 
bioassay (Butt & Goetel, 2000). The laboratory bioassay method adopted in this study was 
similar to that used by Feng et al. (1985) for age-specific dose-mortality effects of B. bassiana on 
the European corn borer, Ostrinia nubilalis. With this method known amounts of fungal spores 
were applied to the insects to ensure sound estimation of the dose-response relationship, close 
simulation offield application and repeatability. Other bioassay methods such as immersion in 
suspensions of conidia for a specified time, dusting or allowing insects to walk on sporulating 
cultures, or direct deposition on to individual insects were not used because they less accurately 
simulate spray application under field conditions. Overall, the adopted bioassay method 
performed consistency well throughout the research programme. 
Inoculation through contact with contaminated substrates is an important aspect of the bioassay 
with B. bassiana and P. xylostella because there is a high possibility of contamination, especially 
for larvae and adults, with fungal spores deposited on the leaf surfaces once fungal conidia are 
applied to the plants. This aspect was not investigated due to the time limitation during this study. 
Therefore, inoculation through contaminated substrates should be studied with different life 
stages of P. xylostella to determine the effect of contact contamination with the fungus on 
pathogenicity for better understanding of P. xylostella management. This in turn, could suggest 
improvements for using B. bassiana. 
Bioassays were carried out with only one culture of P. xylostella collected from the Biological 
Husbandry Unit at Lincoln University. It is possible different results could have been obtained if 
P. xylostella larvae were collected from other sources e.g., from farmer fields from the North 
Island or South Island, due to genetic variation among populations. Geographical variation of P. 
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xylostella has contributed to variable resistance to insecticides and Bacillus thuringiensis (Shelton 
et al., 1993; Gujar & Vinay, 1999; Shelton et al., 2000; Mohan & Gujar, 2002). Also there is 
evidence that some individuals of desert locust, Schistocerca gregaria F orsk111 (Wilson et al., 
2002) and dampwood termites Zootermopsis angusticollis (Hagen) (Traniello et al., 2002; 
Wilson et al., 2002) develop immunity to resist fungal infections. 
7.2 Behavioural responses of D. semiclausum to B. bassiana infected and uninfected P. 
xylostella larvae 
Objectives and key results 
Determining the ability of paras ito ids to discriminate between fungus-infected and uninfected 
larvae was one of the main objectives of this study. The possibility of using the bacterium, 
Serratia marcescens (AgRB363), as a marker for rapid identification of oviposition attempts by 
the parasitoid also was studied (Chapter 3, Experiment 3.3). Key findings were as follows: 
• The bacterium S. marcescens could be used as an indicator of oviposition attempts by D. 
semiclausum on P. xylostella larvae, but this method underestimates the number of 
oviposition attempts. 
• D. semiclausum preferred to oviposit in uninfected larvae if there was a choice between 
infected and uninfected larvae. However, if there was no choice they attacked any 
available hosts. 
• Parasitoids did not show any difference in attacks on larvae at various times after the 
application of fungal spores to the larvae. 
• Parasitoids spent more time grooming when they parasitized fungus-infected larvae and 
larvae treated with living or dead fungal conidia compared uninfected or untreated treated 
larvae. 
• Parasitoids attacked moving and stationary larvae equally. 
• Parasitoids did not attack dead larvae. 
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Parasitoids treated with S. marcescens were allowed to oviposit on infected or uninfected larvae 
in individual arenas (no-choice test) and in the same arena (choice test). Most dead larvae showed 
the characteristic red pigmented colonies around them when they were macerated on caprylate 
thallous agar (CTA) plates, thus indicating the presence of bacteria. No significant difference in 
oviposition attempts (red pigmented colonies) was found between infected and uninfected P. 
xylostella larvae in both choice and no-choice tests. This method was compared with the number 
of oviposition attempts recorded on video (Chapter 3,3.4). The experiments using video to record 
the behavioural responses of parasitoids on fungus-infected and uninfected larvae showed, if 
there was a choice between infected and uninfected larvae, they preferred uninfected larvae to 
infected larvae for oviposition attempts. If there was no choice, no preference for oviposition 
attempts on infected and uninfected larvae was detected. This differs from the results of the 
experiment using the bacterial marker. In the video experiment, the mean total number of 
oviposition attempts (no. of stings) made by a parasitoid on infected host was 0.57 ± 0.08 per 
minute whereas on uninfected hosts was 0.63 ± 0.05 per minute. 
The mean number of oviposition attempts made by parasitoids (determined by the number of 
dead larvae with red pigmented colonies) was 0.09 ± 0.01 per minute on infected larvae and 0.09 
± 0.01 per minute on uninfected larvae in Experiment 3.3. This fewer number of red pigmented 
larvae in experiment 3.3 may be a result of the unavailability of bacteria on the parasitoid's 
ovipositor after a number of insertions of the ovipositor into the hosts. The cleaning behaviour of 
parasitoids observed in the behavioural study (Chapter 3, 3.4) suggests that parasitoids may have 
removed bacteria from their ovipositors resulting in further unavailability of bacteria on the 
ovipositor. A useful observation would have been to record the number oviposition attempts of 
parasitoids with bacteria on their ovipositors using a video recorder as in Experiment 3.4. 
Unfortunately, at the time this experiment was carried out, the digital video recording facility and 
the observer program was not available. However, the results suggest that even though the use of 
S. marcescens indicates the oviposition attempts on infected and uninfected larvae, it does not 
give a reliable indication ofthe number of oviposition attempts. Parasitoid acceptance of infected 
larvae may be based more on manifestations of host vigour and movement (Lopez & Ferro, 1995; 
Dippel & Hilker, 1998; Howard et al., 1998), chemical cues (Kuhlmann, 1995; Hu et al., 1999; 
Romani et al., 2002) and direct reaction to the presence or absence of toxins in a host's body 
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(Romani et al., 2002). With fungal infection a host's vigour and chemical cues may have changed 
and parasitoids may be able to identify these changes resulting in reduced preference for infected 
larvae for oviposition. 
The duration of activities such as anntenating, walking, encountering, attacking and grooming 
were estimated from the video recordings. Parasitoids spent more time grooming their body when 
they parasitized fungus-infected larvae than uninfected larvae (Chapter 3,3.4). This behaviour 
was observed even when they parasitized larvae that were treated with living or dead fungal 
conidia (UV -treated). This shows that parasitoid body cleaning activity did not depend on fungal 
attachment but was a tactile response to foreign bodies on the body. A similar behaviour was 
observed by Fink & Volkl (1995) in a study of searching patterns and oviposition success of the 
aphid parasitoid Aphidius rosae Hal. in simulated drizzling rain or simulated shower. Female 
parasitoids in their study were mainly engaged with cleaning themselves after the rain had 
stopped. 
Parasitoids attempted to oviposit on stationary and moving larvae equally (Chapter 3,3.5). This 
suggests that parasitoids do not rely on the movement of hosts as oviposition cues. Parasitoids 
could identify dead infected larvae and they did not attempt to oviposit on them (Chapter 3,3.5). 
Furlong & Pell (2000) also observed that when D. semiclausum adults were offered P. xylostella 
larvae that had recently been killed « 1 hour previously) along with healthy larvae the parasitoid 
did not attack dead larvae. This suggests D. semiclausum may be attracted to P. xylostella larvae 
by chemical signals emanating from living larvae. 
These behavioural responses of parasitoids showed they can discriminate and prefer to attack 
uninfected larvae if there is a choice between infected and uninfected larvae. Parasitoids also do 
not depend on host movement for the oviposition attempts and, furthermore, parasitoids can 
recognize dead larvae and avoid ovipositing on them. Because of the comparatively small arena 
used in this study, parasitoid behaviour was limited to easily recorded activities. Behaviours such 
as flying, searching for food and water and searching for hosts were limited or absent. Although 
this study does not represent the full suite of behaviours that might occur under field conditions, 
it does provide a reasonable comparison of the parasitoid's behaviour towards fungal-infected 
and uninfected larvae. 
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In this study, though observations were made on parasitoid oviposition attempts into B. bassiana-
infected or uninfected P. xylostella, these oviposition attempts do not necessarily indicate 
parasitoids had laid eggs in their host. Host recognition is confirmed by chemical cues in the 
cuticle that are detected during antennation, and host acceptance depends on an assessment of the 
host quality during ovipositor probing (Fransen & van Lenteren, 1993; Michaud & Mackauer, 
1994; Mesquita & Lacey, 2001). Therefore, further attention should be paid to determining the 
number of eggs laid by parasitoids in infected and uninfected larvae for better judgment about the 
impact of the pathogen on parasitoid behaviour. 
7.3 Direct and indirect effect of B. bassiana on survival and development of D. semiclausum 
Objectives and key results 
The fecundity of parasitoids when they were directly exposed to B. bassiana conidia, the 
longevity of parasitoids when they were continuously exposed to B. bassiana on treated leaf 
surfaces, and the time that elapsed after P. xylostella larvae became infected by B. bassiana and 
oviposition by D. semiclausum on the development and survival ofthe D. semiclausum were the 
objectives of this study. Key findings were as follows: 
• The fecundity of parasitoids was reduced due to their short longevity when the parasitoids 
were directly exposed to B. bassiana conidia. 
• A positive linear relationship was observed between mortality of parasitoids and conidia 
concentration when they were continuously exposed to B. bassiana on treated leaf 
surfaces. 
• Parasitoids could not complete their life cycle when they parasitized infected P. xylostella 
larvae. 
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• Eggs, early larval stages and late larval stages of parasitoids died when the hosts were 
exposed to B. bassiana conidia. The pupal stage of parasitoids can compete with fungal 
infection in their host and adult parasitoids successfully emerged. 
Because the virulence the New Zealand isolate F226 to P. xyiostella larvae was equal to ARSEF 
2729 (Chapter 2), F226 was selected for studying the effect of B. bassiana on the fecundity, 
longevity and development of paras ito ids, and its compatibility with parasitoids in the field. 
When parasitoids were directly exposed to B. bassiana conidia, the number of parasitoid pupae 
produced by fungus-treated parasitoids in first two days was not different from that of untreated 
parasitoids, but a shorter life span (two days) of treated parasitoids lowered the fecundity 
(Chapter 4, 4.3). 
When parasitoids were exposed to cabbage plants treated with different concentrations of fungal 
conidia a positive liniear relationship was observed between mortality of parasitoids and conidia 
concentration. 
These results show that, under laboratory conditions, there is a risk to the parasitoid through 
increased mortality and decreased longevity if they become directly contaminated with fungal 
conidia. Under field conditions this is less likely to occur, mainly because; 
1. In the field, adult parasitoids may avoid direct contamination with the fungal conidia because 
they may flyaway at the time of application or harbour in sheltered locations where they are 
not exposed to fungal conidia. Furthermore, conidia density on the leaf surface may not be 
sufficient to exceed the inoculum threshold. 
2. Viability and pathogenicity of fungal conidia on insect cuticle depends on weather conditions 
in the field in the first few days after application. The effects on fungal conidia especially from 
UV light (Costa et ai., 2001; Alves et ai., 2002), relative humidity (Gillespie & Crawford, 
1986; Gillespie, 1988) and high temperature (Fargues et ai., 1997a; Fargues et ai., 1997b; 
Tefera & Pringle, 2003) can markedly reduce conidia germination and may reduce 
pathogenicity . 
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3. Parasitoids may not stay on fungus-treated leaves for prolonged periods. Therefore, 
contamination with the fungus may be minimal and adult parasitoids may not acquire 
sufficient inoculum. Presumably, a high concentration of conidia is needed because at lower 
concentrations parasitoids may be able to remove conidia by grooming. Larger number of 
conidia on the body may make it difficult for the parasitoid to remove them all. 
To study the time that elapses between P. xylostella larvae becoming infected by B. bassiana and 
oviposition by D. semiclausum on the development and survival of the D. semiclausum, 
parasitoids were exposed to parasitized P. xylostella larvae at different times (one hour, one day, 
three days and five days) after inoculation with the pathogen (Chapter 4, Experiment 4.5). No 
parasitoids emerged from infected larvae at any stage. This situation may be very unlikely in the 
field. In the experiment on video recorded parasitoid behaviour in response on fungus-infected 
and uninfected hosts (Chapter 3,3.4), parasitoids showed a greater tendency to oviposit on 
uninfected hosts if they have a choice. In the field this choice is always available and it is 
possible more uninfected larvae than infected larvae will be parasitized thus sustaining the 
parasitoid population. 
Whether immature stages of parasitoids can compete with fungal infections in their host and 
produce adults was studied by inoculating P. xylostella larvae containing eggs, early larval stages, 
late larval stages and pupae ofthe parasitoid with B. bassiana conidia (Chapter 4,4.6). No 
parasitoids emerged from treated P. xylostella larvae containing eggs and larval stages but when 
the pupal stage of the parasitoid was exposed to fungal conidia adult parasitoids successfully 
emerged. This revealed that when competition between parasitoid and pathogen occurs, B. 
bassiana can always successfully defeat D. semiclausum mostly due to death of the host before 
the completion of parasitoid development. Also, there is evidence of infection of D. semiclausum 
by B. bassiana within the host (Furlong, 2004). This does not represent the natural mechanisms 
that have co-evolved to minimize antagonistic interactions by relative timing of 
parasitism/infections or protection of hosts from infection by fungus after parasitisation, reported 
in other host, pathogen, parasitoid systems (King & Bell, 1978; Powell et aI., 1986; Askary & 
Brodeur, 1999). 
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All these bioassays were carried out under constant environmental conditions in the laboratory. 
Although bioassays have provided useful information for comparing different isolates and their 
pathogenicity to host and parasitoid as well as host-pathogen-parasitoid interactions, they may 
provide misleading information as far as field conditions are concerned. Therefore, it is essential 
to do these experiments under varying environmental conditions (especially temperature and RH) 
which could mimic field environmental conditions and provide a better understanding of host, 
pathogen, parasitoid interactions to enhance the use of the pathogen and parasitoid for P. 
xylostella management. 
7.4 Ability of D. semiclausum to disseminate B. bassiana among P. xylostella larvae 
Objectives and key results 
Whether parasitoids can disseminate fungal conidia between infected and uninfected larvae was 
another objective of this study (Chapter 5). Key findings were as follows: 
• Transmission of fungus from infected larvae to uninfected larvae occurred in the first 
three days after application of fungal conidia to P. xylostella larvae and also from 
sporulating cadavers. 
• Greater transmission was observed in the presence of parasitoids than in their absence. 
• B. bassiana conidia remain on the P. xylostella cuticle for three days after application. 
In the presence of parasitoids, P. xylostella larval movements are greater due to disturbances by 
the parasitoids and escape reactions by larvae. These movements resulted in greater mingling of 
larvae and transfer of fungal conidia from sporulating cadavers or from infected larvae to 
uninfected larvae. This suggests the possibility of enhanced transmission of the fungus among 
larvae under field situations. 
The ability of parasitoids to disseminate fungal conidia among hosts was investigated only with 
respect to transfer from infected larvae to un-infected larvae. The ability of parasitoids to 
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disseminate fungus and cause disease among hosts when the parasitoids are directly exposed to 
fungal conidia (horizontal transmission) also would be important in P. xylostella management. 
7.5 Susceptibility of D. semiclausum to B. bassiana in field cages 
Objectives and key results 
The compatibility of the pathogen B. bassiana and the parasitoid D. semiclausum for the 
management of P. xylostella in the field was the last objective of this study (Chapter 6). Key 
findings were as follows: 
• B. bassiana reduced the P. xylostella population in early summer and autumn cabbage 
crops. 
• D. semiclausum reduced the P. xylostella population in early summer but not in autumn. 
• No additive effect was observed between parasitoid and pathogens in their effect on the P. 
xylostella popUlation. 
In semi-field experiments (caged experiments) B. bassiana and D. semiclausum reduced the P. 
xylostella larval population in early summer but there was no additive action of the two biological 
control agents on P. xylostella popUlation reduction. In autumn, B. bassiana reduced the P. 
xylostella larval population but D. semiclausum alone did not reduce the P. xylostella population. 
In two field experiments, no synergistic effect of parasitoid and pathogen was observed on 
reducing P. xylostella populations. Parasitoids may be more active at a particular time of the year 
and fungus may be more prevalent at another time of the year depending on the environmental 
conditions. Research should be carried out to find out the most suitable period for each of these 
biological control agents and this may lead to better implementation of these biological control 
agents and more effective management of P. xylostella. The lower performance of the parasitoids 
may have resulted from the lack of food resources inside the cages. The longevity of adult D. 
semiclausum and the production of eggs increased when adults were provided with a food source 
compared with no food or water alone (Yang et al., 1993; Wratten et al., 2003). There is a 
possibility that mortality of parasitoids occurred due to contamination with fungal conidia when 
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they were foraging on fungus-sprayed leaves. Shelton et al. (1998) observed B. bassiana 
(Mycotrol) persisted on treated cabbage leaves in screenhouses for more than 2 wks, and mycosis 
of larvae reared on these leaves was >50% seven days after a single application of fungus. Inside 
the field cages there is little room to avoid this contamination but in an open field parasitoids may 
be more successful. Even though fungus could reduce the P. xylostella larval population (23.6%-
42.6% in the field cage experiments), and since there is a zero threshold level for P. xylostella in 
many commercial bras sica crops, application of insecticides may still be necessary. The number 
and timing of insecticide applications could be reduced if there was better understanding of the 
conditions required for B. bassiana and P. xylostella. 
Use of B. bassiana with other micoinsecticides The efficacy of B. bassiana applied as conidia in 
Mycotrol WP was tested by Vandenberg and Shelton (1998). They found Mycotrol treatments 
were as effective as a B. thuringiensis product in preventing damage. Mycotrol can provide an 
option for control of P. xylostella larvae and may be useful in a resistance management 
programme. 
Under laboratory conditions, P. xylostella larvae were dead four to five days after application of 
fungal conidia and mycosis was observed on infected larvae three to four days after the death of 
larvae (Chapter 2). No infected larvae with mycosis were found on plants in the field experiments. 
B. bassiana infected larvae are loosely attached to the plants and they always dropped on the 
ground (Furlong & Pell, 2001). This may be a reason for not seeing any infected larvae on the 
plants. No significant difference in the number ofparasitoid pupae was observed between fungus-
treated plants and untreated plants. The reason may be that the fungus has no detectable effect on 
parasitoid development under field conditions even though the fungus has shown adverse effects 
on the parasitoid under laboratory conditions. Alternatively, the few parasitoid pupae recorded 
from the field may not be sufficient to provide significant results between treatments. 
Although the laboratory experiments showed some adverse effects on parasitoids, in the field the 
environmental conditions that favour the parasitoid or fungus will influence the type of 
interactions and compatibility of these two biological control agents. Several workers have found 
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increased mortality of pest species even when the pathogen reduced the parasitism levels in the 
field (Akalach et aI., 1992; Mesquita et al., 1997). Therefore, it is important to assess the 
interactions under realistic environmental conditions. Furthermore, under laboratory conditions 
ovipositing parasitoids showed avoidance behaviour from fungus-infected larvae when there was 
a choice. Under field conditions there is a high possibility of this choice and parasitoids may 
avoid ovipositing in infected hosts and thus reduce the adverse effects that would arise in 
ovipositing in infected hosts. 
It may take some time to establish B. bassiana populations in the field especially when dead 
larvae drop to the ground. Once the fungus becomes established in the field it may act as an 
ongoing source of inoculum. Long term studies should be carried out in the same field to track 
fungal infection and parasitism with the time, to determine the long term effect of the ongoing 
inoculum on host, parasitoid and their interactions. 
7.6 General conclusions and application of new knowledge 
The results showed B. bassiana strain (F226) used for most of the experiments was pathogenic to 
P. xylostella under laboratory conditions and was capable of reducing a P. xylostella larval 
popUlations on a cabbage crop under field conditions. However, this isolate did not reduce the P. 
xylostella population in the field to the same extent as in the laboratory. One of the reasons may 
be reduced viability of conidia under the field conditions resulting in reduced pathogenicity to the 
larvae. In this study no conidia formulation procedure, other than an aqueous formulation, was 
followed before application to the field. Formulation methods could increase the efficacy of the 
pathogen (Inglis et al., 1993; Wraight & Ramos, 2002) and, therefore, studies should be carried 
out to develop better formulations for field application. 
In the field experiments application of pathogen to the crop was done using a hand sprayer. This 
application method may not deposit fungal conidia directly on all larvae. Application technology 
is crucial when direct contact with target insect is needed (Bateman & Chapple, 2001). Therefore, 
r_~~.- --_- - ~-.- - • _. 
, . , 
studies should be carried out to develop a better alternative method for the field application of 
pathogens. 
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Tested isolates of B. bassiana showed some adverse effects on D. semiclausum development 
under conditions favourable to the fungus. Finding isolates that are pathogenic to the host and 
less harmful to parasitoid development could enhance P. xylostella management in the field 
through the combined use of parasitoid and pathogen. Therefore, experiments could be carried 
out to identify suitable isolates that are compatible with the parasitoid. New Zealand isolate F226 
had the lowest LT50 value (3.6 days) and this clearly does not allow parasitoids sufficient time to 
complete their life cycle within the host due to rapid death of host larvae. The isolate which has 
largest LT 50 value could allow parasitoids to complete their life cycles depending on when 
oviposition occurred. Direct contamination of parasitoids with the pathogen could be avoided in 
the field by selecting proper timing of application of the pathogen. Parasitoids could be used in 
early season crops and if the pest population does not reduce to expected level, pathogen could 
then be used to lower the host population. Pathogen could also be used in late season crops to 
suppress P. xylostella populations. The ecology of the parasitoid and especially their population 
dynamics should be studied to avoid harmful effects caused by the pathogen from field 
applications. Progress of the disease and the parasitism rate in the field should be studied with 
selected fungal isolates and strains of parasitoids. Whether the disease caused on hosts and 
parasitoids resulted from infections by the applied pathogen strain should also be confirmed. 
Genetic markers could be used for this purpose. 
Parasitoids changed their behaviour providing evidence that they can recognize fungus-infected 
host larvae and avoid parasitizing them. Direct contamination with fungal conidia caused 
parasitoids to spend more time grooming and this may reduce their searching and foraging time 
and result in less parasitisation. In this study the behaviour of paras ito ids was studied only for 30 
minutes. The behaviour of paras ito ids on fungal-infected and uninfected larvae should be studied 
over a longer period (e.g., few days) to determine the effect of pathogen-infected larvae on 
parasitoid development and parasitism rates on infected and uninfected larvae. 
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This study has provided information on host-pathogen-parasitoid interactions and suggests 
possible use of B. bassiana and D. semiclausum for the management of P. xylostella as a part of 
IPM programmes in bras sica crops. Biological control with D. semiclausum and B. bassiana 
could be used to reduce larvae populations depending on the season. However, further research 
on the interactions among host, pathogen and parasitoid under field conditions is necessary to 
determine the long term effects of pathogen on parasitoids and other beneficial arthropods. 
Finally it can be suggested that if a New Zealand strain of B. bassiana is to be exploited in the 
future, research on isolate F226 is recommended. 
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Appendix 1. 
50 mM carbonate buffer (PH 9.0) 
8 ml 0.2 sodium carbonate (Na2C03) (0.2M=21.2g/l) 
17 ml 0.2M sodium bicarbonate (NaHC03) (0.2M=16) 
75 ml distilled water 
Adjust pH 9.0 
Apendix2. 
0.1 M Phosphate buffered saline 
5.66 g potassium biphosphate (K2HP04) 
1.52 g potassium phosphate (K2P04) 
4.25 g sodium chloride (NaCl) 
Make up to 500 ml with distilled water 
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